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a b s t r a c t

In this paper, the greenhouse gas and energy balances of the production and use for space

heating of substitute natural gas from biomass (bio-SNG) for space heat are analysed.

These balances are compared to the use of natural gas and solid biomass as wood chips to

provide the same service. The reduction of the greenhouse gas emissions (CO2-eq.) e

carbon dioxide, methane and nitrous oxide e and of the fossil primary energy use is

investigated in a life cycle assessment (LCA). This assessment was performed for nine

systems for bio-SNG; three types of gasification technologies (O2-blown entrained flow, O2-

blown circulating fluidised bed and airesteam indirect gasification) with three different

types of feedstock (forest residues, miscanthus and short rotation forestry). The green-

house gas analysis shows that forest residues using the airesteam indirect gasification

technology result in the lowest greenhouse gas emissions (in CO2-eq. 32 kg MWh�1 of heat

output). This combination results in 80% reduction of greenhouse gas emissions when

compared to natural gas and a 29% reduction of greenhouse gases if the forest residues

were converted to wood chips and combusted. The gasification technologies O2-blown

entrained flow and O2-blown circulating fluidised bed gasification have higher greenhouse

gas emissions that range between in CO2-eq. 41 to 75 kg MWh�1 of heat output depending

on the feedstock. When comparing feedstocks in the bio-SNG systems, miscanthus had

the highest greenhouse gas emissions bio-SNG systems producing in CO2-eq.

57e75 kg MWh�1 of heat output. Energy analysis shows that the total primary energy use is

higher for bio-SNG systems (1.59e2.13 MWh MWh�1 of heat output) than for the reference

systems (in 1.37e1.51 MWh MWh�1 of heat output). However, with bio-SNG the fossil

primary energy consumption is reduced compared to natural gas. For example, fossil

primary energy use is reduced by 92% when airesteam indirect gasification technology

and forest residues is compared to natural gas. There is no significant difference of the

fossil primary energy consumption between the use of solid biomass

(0.13e0.15 MWh MWh�1 of heat output) and the bio-SNG systems (0.12e0.18 MWh MWh�1

of heat output).
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1. Introduction
Table 1 e Global warming potentials.
Gas CO2-equivalent

CO2 1

CH4 25

N2O 298
In the EU, energy consumption for heat accounts for 46%of the

final energy use. Heat use is larger than final energy use for

transportation (32%of the EUfinal energyuse) andmuch larger

than the use of electricity (18.5% of the EU final energy use) [1].

Currently biomass for heating is used directly in its solid

form as logs, chips or pellets in boilers for heating households

and industry and to supply heat for district heating systems.

The present use of biomass for heating could be increased by

introducing additional supply chains.

Based on data on energy consumption by Eurostat, it can

be estimated that about 50% of heat consumed in the EU is

produced from natural gas [1,2]. Production of substitute

natural gas from biomass (bio-SNG) is an interesting option

to increase the share of heat generation from biomass by

exploiting the synergies with natural gas. Conversion of

biomass into bio-SNG and subsequent distribution and use

can be considered as an additional supply chain for heat

from biomass. By distributing energy from biomass in the

form of bio-SNG the end user can have a fuel that offers all

the advantages of natural gas, such as low emissions, social

acceptance, existing infrastructure, wide-spread end use

appliance, and the inherent storage and distribution

capacity of the natural gas grid to cope with the variable

demand. The production of bio-SNG could serve as an

alternative gas source, securing the current supply of natural

gas and making the EU gas market less dependent from

imports.

From the perspective of the biomass chain, there are also

advantages: local transportation of solid biomass can be

avoided and after the conversion to bio-SNG the distribution

losses are minimised. The alternative of heat distribution

from solid fuelled combined heat and power installations is

restricted to relatively short distances before heat distribution

losses become very large.

Bio-SNG can be produced from biomass by anaerobic

digestionandupgradingof theproducedbiogas. In this context

it is also called bio methane. Anaerobic digestion is, however,

only suitable for a limited number of feedstock that can be

digested by the bacteria used in the process. Large-scale

thermo chemical production of bio-SNG is suitable for a wider

range of biomass feedstock. Thermo chemical production of

bio-SNG comprises gasification to convert biomass in a raw
Table 2 e Basic data of the biomass feedstock used for bio-SNG

Feedstock Yield H2O-content Fuel consumption

Calciu

[t ha
�1

y�1]

[%] [l ha�1 y�1] [kg h
�1

y�1]

Poplar 20 50 136 350

Miscanthus 30 50 60 e

Forest residues ea 50 9 e

a Collection of forest residues.
product gas, gas cleanup and methanation to convert the

product gas in bio-SNG.

This paper presents the results of a life cycle assessment

(LCA) which was performed to determine the potential of bio-

SNG to reduce greenhouse gas (GHG) emissions and fossil

primary energy use,when used for space heating applications.

In this analysis bio-SNG is compared to the use of natural gas

and the use of solid biomass as wood chips for space heating

applications. The main focus of the analysis is put on the

evaluation of large-scale bio-SNG systems andGHGemissions.
2. Materials and methods

2.1. Life cycle assessment

The calculation of GHG emissions and primary energy use is

based on an LCA. The LCA includes all processes, which

influence emissions and energy consumption from cradle to

grave. It starts with the raw material production (e.g. collec-

tion of forest residues, cultivation of energy crops) and ends

with the supply of useful energy at the consumer site (e.g.

space heat) including all transportation and conversion

processes. The life cycle assessment was performed following

EN ISO 14040:2006 “Environmental management - life cycle

assessment - principles and framework”.

Carbon dioxide (CO2),methane (CH4) andnitrous oxide (N2O)

are considered in the LCA. These latter two gases are converted

into the equivalent amounts of CO2 (CO2-eq.) using global

warming potential (GWP) listed in Table 1 [3]. CO2-emissions

from biomass are balanced zero, according to IPCC guidelines.

Primary energy use includes all energy inputs which are

needed to deliver useful energy, in this case space heat, to the

consumer using bio-SNG from biomass, natural gas or directly

biomass. The amount of primary energy use is subject to

feedstock and technologies used. In this analysis the primary

energy use is divided into:
production.

Fertilizer use Herbicides Seeds

m Potassium Nitrogen Phosphate

a [kg ha�1

y�1]
[kg ha�1

y�1]
[kg ha�1

y�1]
[kg ha�1

y�1]
[kg ha

�1

y�1]

e e e e 500

80 60 10 0.8 150

e e e e e
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Table 3 e Characteristics of bio-SNG systems.

Gasification technology Inputa Outputa Efficiencyc End use

Biomass bio-SNG Power bio-SNG Space heat

[GWh y�1] [GWh y�1] [GWh y�1] [%] [GWh y�1]

O2-blown entrained flow 7700 4600 16 60% 3900

O2-blown circulating fluidised bed 7200 5400 eb 75% 4600

Air/steam-blown indirect 7200 5700 32 79% 4900

a With 8000 h y�1 full load operation.

b Additional power form the grid is needed.

c Bio-SNG output divided by biomass input.
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- Fossil energy sources: coal, natural gas and crude oil

- Renewable energy sources: biomass, solar energy, water

and wind

- Other energy sources: waste (e.g. waste combustion) and

nuclear energy

The LCA was performed with the Global Emission Model of

Integrated Systems (GEMIS) model, version 4.5 [4].

2.2. Investigated systems and basic data

To evaluate the environmental impact of bio-SNG production

and usage centralised large-scale bio-SNG systems are

compared with:

- Natural gas; and

- The direct use of biomass (which refers to the use of solid

biomass aswood chips) for space heat. If bio-SNG is injected

into the gas grid it directly replaces natural gas. Therefore

the comparisonwith natural gas is chosen. The direct use of

solid biomass represents the current situation of biomass

use for space heat.

In total nine different bio-SNG systems are investigated

using LCA. The systems are defined by the combination of

feedstock and gasification technology.

The different types of feedstock considered in the LCA are:

- Forest residues;

- Miscanthus; and

- Short rotation forestry (SRF) with poplar.

Table 2 [5] shows the basic data for the biomass feedstock

used for bio-SNG production.

The gasification technologies considered in the LCA are:
Table 4 e Basic data for combined cycle power plant and boile

Technology Feedstock Ca

Combined cycle power plant Natural gas 100 MW

Natural gas and bio-SNG boiler Natural gas/Bio-SNG 10 kW

Wood chip boiler Biomass 10 kW

a In g MWh�1 of energy output.
- O2-blown entrained flow (EF): pressurised entrained flow

gasification based on the Siemens pressurised oxygen-

blown slagging entrained flow gasification technology

- O2-blown circulating fluidised bed (CFB): pressurised

oxygen-blown circulating fluidised bed gasification based

on the Värnemo demonstration plant; and

- Air/steam-blown indirect: atmospheric indirect gasification

based on the Battelle or Silvagas technology.

Table 3 shows the basic data for these gasification tech-

nologies. All systems are designed for 1000 MW thermal input

capacity of the gasifier. A centralised large-scale system was

chosen because bio-SNG has main advantages compared to

solid biomass when a significant amount of bio-SNG is injec-

ted into the natural gas grid. The efficiencies shown in Table 3

were determined for equipment which will be installed in

such a large-scale system.

Before entering the gasification process the biomass is

dried to a water content of 15%. For O2-blown EF the dried

biomass is further converted into wood powder by torre-

faction prior to gasification. Torrefaction is a mild thermal

treatment, typically at temperatures in the range of

225e300 �C, in which the biomass losses it’s resilient and

fibrous properties [6].

As shown in Table 3 power is a by-product of the O2-blown

EF and CFB gasification technologies. It is assumed that the

power generated as a by-product in the bio-SNG production

substitutes power generated in a natural gas fuelled combined

cycle power plant. This assumption takes into account that

centralised large-scale bio-SNG plants are built in countries

with existing natural gas infrastructure where natural gas is

a major energy carrier and therefore also used to provide

electricity. An increasing amount of bio-SNG in the natural gas

grid and therefore also its availability for electricity generation

was not included in the investigation.
rs.

pacity Efficiency Emissionsa

CH4 N2O

[g MWh�1] [g MWh�1]

electric 53% electric 29 17

thermal 85% thermal 4.7 1.3

thermal 69% thermal 52 16

http://dx.doi.org/10.1016/j.biombioe.2011.02.040
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Combined Cycle

Bio-SNG

from Miscanthus / SRF

Reference System

Natural Gas

Bio-SNG

Power
b

Cultivation and 

Harvesting
Area Extraction

Bio-SNG Plant

Bio-SNG

Distribution

Boiler

Power

Grid
Power

Power

Grid

CC
a

Power

Plant

Set Aside

Land

Processing

Distribution

Boiler

Heat

Transport

for O2-blown EF, Air-steam blown indirect

Fig. 1 e LCA comparison for bio-SNG from miscanthus or short rotation forestry and for the reference system with natural

gas for space heat.
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Space heat is provided with a central heating system using

individual boilers. For natural gas and bio-SNG a gas boiler is

used. In the case of direct biomass heating with wood from

forest residues, SRF or miscanthus a wood chip boiler is

chosen. The option of a district heating system was not

investigated.

Table 4 [7] shows the basic data for the combined cycle

power plant and the two boiler types.
2.3. Modelling

The LCA is based on process chains which are designed for

each investigated system. A process chain describes the
Combined Cycle

BioSNG

from Forest Residues

Bio-SNG

Power
b

Collection

Bio-SNG Plant

Bio-SNG

Distribution

Boiler

Power

Grid

Transport

for O2-blown EF, Air-steam blown indirect

Pow

Hea

Fore

Resid

Fig. 2 e LCA comparison for bio-SNG from forest residues and fo

space heat.
complete life cycle starting with the production of raw mate-

rials and ending with the supply of heat for the end user.

Fig. 1 and Fig. 2 show the process chains for selected bio-

SNG systems compared to the reference systems with natural

gas or the direct use of biomass for space heat. The bio-SNG

systems provide the same heat amount as the corresponding

reference system.

In the LCA it must be considered what happens with

feedstock or cultivated area if it is not used to provide feed-

stock for bio-SNG production - e.g. set aside land instead of

cultivation of grassy materials (reference use of agricultural

area) or natural oxidation instead of collecting forest residues

(reference use of feedstock).
Reference System

Direct Use of Forest Residues

Collection

Power

Grid

CC
a

Power

Plant

Drying

Transport

Boiler

er

t

st

ues

Natural

Gas

Natural

Oxidation

r the reference system with direct use of forest residues for
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Fig. 3 e Greenhouse gas emissions for bio-SNG systems and reference systems to supply 1 MWh space heat.
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The energy and environmental impacts of by-products are

allocated on the basis of substitution. Thismeans by-products

of the investigated system replace the production of conven-

tional products and the environmental impact linked to these

production processes. Power as by-product at bio-SNG

production replaces power generated with a combined cycle

power plant using natural gas.
3. Results and discussion

Fig. 3 shows the GHG emissions CO2, CH4 and N2O for 1 MWh

space heat for all investigated systems. Fig. 4 shows the

results for the bio-SNG systems divided into two sections:

feedstock supply and bio-SNG production and use. The

section “feedstock supply” includes the emissions arising at

the process steps “collection” or “cultivation and harvesting”

of the feedstock and the emissions from the transport of the

feedstock to the bio-SNG plant. The section “bio-SNG

production and use” covers the process steps “bio-SNG plant”,

“pipeline” and “boiler”.

Miscanthus is the feedstock with the highest N2O-emis-

sions. The major parts of these N2O-emissions originate in
Fig. 4 e Greenhouse gas emissions for bio-SNG systems for 1 M

supply (feedstock) and emissions from the production and use
agricultural processes when cultivating miscanthus by

applying N-fertiliser causing direct N2O-emissions from soil.

The feedstock with the smallest contribution to GHG emis-

sions is forest residues.

The assessment indicates that the most promising gasi-

fication technology to achieve a reduction in GHG emissions

is airesteam indirect gasification with GHG emissions

ranging in CO2-eq. from 32 to 57 kg MWh�1 of heat output.

Because of the high efficiency and the substitution of power

generated by a combined heat and power plant using natural

gas, the GHG emissions from this technology are slightly

lower than the GHG emission from the direct use of biomass

for space heat (in CO2-eq. 45e57 kg MWh�1 of heat output

depending on feedstock). O2-blown EF and O2-blown CFB

have similar GHG emissions. O2-blown CFB has higher GHG

emissions at the bio-SNG production than the other tech-

nologies because no power is generated as a by-product. It

even needs additional power as auxiliary energy input. As

the bio-SNG production is more efficient than for O2-blown

EF, the O2-blown CFB has lower GHG emissions at the

collection or cultivation of the feedstock than O2-blown EF.

In comparison to natural gas, the combination of forest

residues used in an airesteam indirect gasification result in
Wh space heat shared into emissions from the feedstock

of the bio-SNG (bio-SNG).

http://dx.doi.org/10.1016/j.biombioe.2011.02.040
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Fig. 5 e Primary energy use for bio-SNG systems and reference systems to supply 1 MWh space heat.
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the highest greenhouse gas reduction (89%). If this combina-

tion of feedstock and technology is compared to the direct use

of forest residues for space heat, then there is only a 29%

reduction of greenhouse gas emissions.

Fig. 5 shows the primary energy use divided into fossil,

renewable and other energy sources for the investigated

systems for 1 MWh space heat.

The total primary energy use for bio-SNG systems is

ranging between 1.58 and 2.13 MWh MWh�1 of heat output.

This is higher than for the reference systems with natural gas

(1.37MWhMWh�1 of heat output) or the direct use of biomass.

The biomass systems have a total primary energy use of

1.45e1.51 MWh MWh�1 of heat output depending on the

feedstock. However with bio-SNG the fossil primary energy

consumption is reduced compared to natural gas (Table 5), e.g.

with airesteam indirect gasification from forest residues the

fossil primary energy use is reduced by 92% compared to

natural gas.
Table 5 e Greenhouse gas emissions and fossil primary energy
1 MWh space heat.

Systems

Bio-SNG Forest residues O2-blown EF

O2-blown CFB

Air/steam-blown indirect

Miscanthus O2-blown EF

O2-blown CFB

Air/steam-blown indirect

SRF O2-blown EF

O2-blown CFB

Air/steam-blown indirect

Reference Natural gas Boiler

Forest residues Boiler

Miscanthus Boiler

SRF Boiler
There is no significant difference of the fossil primary

energy consumption between the direct use of biomass and

the bio-SNG systems. The renewable primary energy demand

of bio-SNG systems is 10% (for airesteam indirect gasification

from forest residues) to 50% (for O2-blown EF from mis-

canthus) higher than the direct use of biomass, depending on

the feedstock and the gasification technology.

The LCAwas performed for centralised large-scale bio-SNG

systems where the bio-SNG is injected into the gas grid and

used for space heat applications. For the chosen system layout

the LCA results show that focussing on GHG emissions and

primary energy consumption bio-SNG can be a beneficial

alternative to fossil based natural gas. Compared to the direct

use of biomass for space heat the results on GHG emissions

and primary energy consumption depend on the feedstock

and gasification technology used. Other environmental

impacts (e.g. particulate emissions), alternative systems

layouts (e.g. decentralised bio-SNG systems) or optimisation
use for bio-SNG systems and reference systems to supply

Greenhouse gas emissions Fossil primary energy use

[CO2-eq kg MWh�1] [MWh MWh�1]

41 0.14

47 0.17

32 0.11

75 0.12

73 0.15

57 0.09

60 0.16

62 0.18

46 0.12

288 1.36

45 0.15

66 0.13

57 0.16
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of the biomass production chain were not part of this

assessment and are subject to further investigation.
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