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Preface 
This life cycle assessment (LCA) compares conventional beer production with a new 
brewing method in which malt is substituted with barley and industrial enzymes. The 
assessment has been carried out by Jesper Hedal Kløverpris, Per Henning Nielsen, and 
Anne Merete Nielsen from Sustainability Development in Novozymes. Oliver Ratzel and 
Akos Karl from Harboes Bryggeri (Danish brewery) and Niels Elvig from Novozymes 
have assisted with data collection at Harboe’s Bryggeri in Skælskør, Denmark. 
 
The study has been performed in accordance with the ISO standards for LCA (14040 and 
14044) and has been subject to an external critical review by senior project manager 
Anders Schmidt, Force Technology (see Appendix 9). 
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Summary 
Novozymes has developed an enzyme product called Ondea® Pro, which enables 
breweries to produce beer directly from barley. Harboes Bryggeri (Danish brewery) has 
tested this concept in full scale in 2009. Conventional beer production at Harboes Bryggeri 
is based on malt with no addition of unmalted cereals (adjuncts). 
 
Goal and Scope 
The present LCA compares conventional beer production at Harboes Bryggeri to 
production of 100% barley beer. The study compares all relevant processes affected by the 
change in brewing method. This includes barley production, malting, milling, mashing, and 
boiling. The functional unit of the study is 7 tons of extract after boiling. With the 
fermentation process applied at Harboes Bryggeri, 7 tons of extract can be used to produce 
roughly 680 hl beer with an alcohol strength of 4.6% (by volume). 
 
Impact Categories and Method 
The study considers the following environmental impact categories: Global warming, 
acidification, nutrient enrichment (eutrophication), and photochemical ozone formation. 
Furthermore, fossil energy and agricultural land are considered as resource indicators and, 
finally, toxicity impacts and water resources are considered qualitatively. The study takes a 
market oriented approach and handles co-product issues by system expansion. 
Characterization factors from the ‘CML 2 baseline 2000’ method (and Ecoindicator 95) are 
applied and the system modeling is performed in SimaPro 7.1 (LCA software tool). 
 
Inventory Analysis 
Shifting from conventional brewing to 100% barley brewing saves the energy and water 
that goes into malt production. Furthermore, it saves 7% barley seen over the full life 
cycle. It also saves energy in the mashing and the boiling process and enzymes used for 
conventional brewing. On the other hand, more electricity is used in milling because barley 
is harder to grind than malt. Furthermore, Ondea® Pro must be added to the mashing 
process. 
 
Results 
Seen in a life cycle perspective, 100% barley brewing results in environmental benefits in 
all investigated impact categories (see table below). For global warming, the net savings 
are 1740 kg CO2 eq. per functional unit (FU). This is equivalent to 174 kg CO2 eq. per ton 
of malt replaced. In this aspect, the saved energy in the malting process is the most 
important issue (1590 kg CO2 eq./FU). Saved barley is also important (441 kg CO2 eq./FU) 
and so is the change in the mashing process (-301 kg CO2 eq./FU) mainly caused by the 
addition of Ondea® Pro. Other aspects turn out to be of minor importance for the results.  
 
Overview of net reductions in environmental impacts given per functional unit 

Impact 
category 

Global 
Warming Acidification Eutrophication Photochem. 

ozone form. 
Fossil 
energy 

Agricultural 
land use 

Net saving 1740  3.3 3.5 260 26 1380 
Unit kg CO2 eq. kg SO2 eq. kg PO4

3- eq. g C2H4 eq. GJ m2∙year 
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Sensitivity Analyses 
Because the scope of the LCA concerns brewing in Denmark, inventory data for Danish 
barley is applied. If data on German, French, Spanish, or Swiss barley is applied, the 
results for global warming and energy consumption stay more or less the same. However, 
results vary significantly for other impact categories due to differences in intensity of 
production. For German barley, the reductions of acidification, eutrophication, and land 
use are roughly 50% lower while, for Spanish barley, the reduction in land use and 
eutrophication is respectively 100% and 200% higher. For organic Swiss barley, reduced 
acidification and eutrophication is respectively 200% and 100% higher. For extensive and 
integrated Swiss barley production and for French barley production, the impact reductions 
also vary significantly from being 50% lower (land use for integrated Swiss production) to 
being 75% higher (eutrophication for extensive Swiss production). 
 
Data on a very efficient malt house is used as this is assumed to be representative for 
marginal malt production. However, the climate benefits of 100% barley brewing may be 
up to twice as high if inefficient malt production is displaced (or even higher if the 
inefficient malt houses do not have co-production of heat and electricity). 
 
Perspectives 
With the fermentation method applied at Harboes Bryggeri, the climate benefits of 100% 
barley brewing amounts to 8.4 g CO2 eq. per can of beer (33 cl and 4.6% alcohol by 
volume). The carbon footprint of conventional beer production at Harboes Bryggeri is 
estimated to be roughly 34 kg CO2 eq. per hl beer (112 g CO2 eq. per can). This includes 
production and recycling of the beer container but not distribution and retail. Based on this 
rough estimate, 100% barley brewing reduces the carbon footprint of beer by 
approximately 8%. 
 
Theoretically, 100% barley brewing could reduce current global greenhouse gas emissions 
from beer production by 3 million tons CO2 eq. and future (around 2020) global 
greenhouse gas emissions from beer production by 5 million tons CO2 eq. (assuming 
displacement of 90% global malt production). As this would include displacement of 
inefficient malt houses, the actual figures would be even higher. 
 
Furthermore, the 7% barley savings will reduce the pressure on natural land and thereby 
reduce impacts on biodiversity and greenhouse gas emissions from human land use. These 
aspects have not been quantified in the present LCA. 
 
Finally, this LCA relates specifically to Danish conditions. However, it is conservatively 
estimated that 100% barley brewing would reduce greenhouse gas emissions by at least 
1620 CO2 eq. per functional unit at any other brewery (compared to beer produced from 
malt with no addition of adjuncts). This is equivalent to a GHG reduction of 162 kg CO2 
eq. per ton of malt replaced. 
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1 Introduction 
Malt is a vital ingredient in conventional brewing. Malt is produced from barley, which is 
soaked in water, left to germinate, and then dried. During germination, natural enzymes are 
formed in the malt. It is these enzymes that convert the starches in the malt to fermentable 
sugars during the mashing process in conventional beer production.  
 
Novozymes A/S has developed a product containing a mixture of industrial enzymes, 
which can substitute the natural enzymes in the malt and thereby make it possible to 
produce beer directly from barley. This means that the energy and water consuming 
malting processes can be avoided. This concept is referred to as ‘100% barley beer’. The 
concept has been tested at pilot scale in 2008 and full scale production has been initiated in 
the beginning of 2009 at the Danish brewery ‘Harboes Bryggeri’ in Skælskør, Denmark. 

2 Goal definition 
The purpose of this study is to estimate the environmental implications of a shift from 
conventional brewing to 100% barley beer. In other words, the study is an assessment of 
the changes in environmental impacts that occur when 100% barley beer replaces 
conventional brewing. The study is site specific and based on full scale production at 
Harboes Bryggeri in 2009. To put results into perspective, the LCA will include some 
more general considerations concerning the environmental consequences of producing 
100% barley beer not only at Harboes Bryggeri in Denmark but at a larger geographical 
scale. This will include an estimation of the environmental advantages of using locally 
grown barley instead of imported malt as it is done in parts of China today.  
 
Intended application 
Novozymes and Harboes Bryggeri intend to use the results of the study in a joint launch of 
the enabling enzyme product Ondea® Pro from Novozymes and a beer brand from 
Harboes Bryggeri made without any use of malt. At the time of writing, this launch is 
planned for the ‘Drinktec Conference’ in Germany, which takes place from 14-19 
September 2009. 
 
Furthermore, results will be used to create more attention about the environmental benefits 
of 100% barley beer in the promotion of the concept.  
 
The results of the study will also be used together with other environmental assessment 
results in the promotion of Novozymes’ sustainable solutions. 
 
Reasons for carrying out the study 
The study is carried out to establish a science-based and credible documentation of the 
environmental advantages of 100% barley beer. 
 
Intended audience 
The present report is only intended for employees at Novozymes and at Harboes Bryggeri 
and the reviewer who has signed a confidentiality agreement. However, the results of the 
LCA are intended to be published in a more accessible manner. The form of this 
publication is not yet decided but the main target audience will be breweries, NGOs, and 
policy makers. 
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Comparative assertion 
The LCA is comparing two brewing methods that provide a comparable result. This means 
that two production methods are being compared, not two products. 

3 Scope definition 
The studied product systems are conventional brewing and brewing of 100% barley beer. 
Conventional brewing involves a series of steps as shown in Fig. 1. The main ingredients 
are malt, hops, and water. Malt used at Harboes Bryggeri is produced from barley only and 
no adjuncts (unmalted cereals) are included in the study. The malting process involves 
steeping (soaking in water), germination, and kilning (drying). The final malt product 
contains a number of natural enzymes, which play an important role in the conventional 
brewing process. The malt is crushed during milling and thereby turned into so-called grist, 
which is mixed with water in the mashing process.  
 
In conventional mashing, the natural amylases from the malt convert the starches in the 
mash (the slurry of grist and water) to fermentable sugars. Furthermore, other enzymes 
(proteases and beta-glucanases) break down proteins and gums, respectively. A number of 
industrially produced enzymes are also added in conventional brewing to supplement the 
malt enzymes and facilitate the process. As the different types of enzymes have different 
optima, the temperature during mashing is raised in steps and then kept constant for a 
while at different mashing rests. During mash filtration, the wort is separated from the 
spent grains. The wort is the liquid containing the extract of fermentable sugars as well as 
other solubles such as dextrins. It is this extract that forms the basis for the subsequent 
steps in the brewing process. The spent grains are used as animal feed. The wort is boiled 
with hops to add flavor and the hot break (hops and malt residues) is removed in a 
whirlpool. The wort is cooled and yeast is added to perform the fermentation. Finally, the 
green beer is left to mature before it is bottled, packaged, and pasteurized. 



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 3 - 

 
Fig. 1: Overview of the product chain for conventional beer produced at Harboes Bryggeri.  
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While the 100% barley beer concept makes it possible to replace malt in beer production 
with barley and industrial enzymes (added during mashing and replacing the mix of 
enzymes used in conventional brewing), milling of barley requires more electricity than 
milling of malt because the barley grains are harder. Fig. 2 shows the two systems being 
compared. After the boiling process (see Fig. 1), there are no differences between the two 
types of brewing being compared. Processes after boiling are therefore not included in the 
study. More details are given in Chapter 5. 
 

 
Fig. 2: System boundaries of the study. The study addresses the differences between conventional 
brewing (A) and brewing of 100% barley beer (B) and includes processes from barley production to 
the boiled wort. The mash filtration process is not influenced by the change in brewing concept and is 
therefore omitted (indicated by dashed lines). 

 
The Functional Unit  
The function of the two systems being compared is to deliver raw material (extract 
contained in the wort) to the fermentation process in beer production. The functional unit 
of the study is therefore an equivalent amount and quality of extract in the wort after the 
boiling process (see Fig. 2). Harboes Bryggeri produces beer in batches called ‘brews’. A 
conventional brew is made from 10 tons of malt and 25 tons of water and the yield of 
extract is seven tons measured after the boiling process. This has been chosen as the 
functional unit (seven tons of extract after boiling). 
 
100% barley beer gives a slightly higher yield of extract per brew1 (0.5%) although with 
different inputs. However, the difference in extract yield has been ignored in the study to 
allow for a direct brew-to-brew comparison. This decision is conservative in the sense that 
it does not favor 100% barley beer. 
 
The extract from the boiling process can be used for several types of beer depending on 
fermentation, dilution etc. That is why a given amount of extract is a good basis for 
comparison between the two types of brewing (as opposed to a given volume of beer). 
However, it is important to consider whether the extract from 100% barley brewing can be 
used to produce beer of similar taste and quality as beer produced from malt extract. This 
has been tested and confirmed by professional tasting panels at Technical University of 
Berlin (see Appendix 2) and at the Centre for Malting and Brewing Science at K.U. 
Leuven (results summarized in Appendix 3).  
 

                                                 
1 Documented in ten full scale production trials a Harboes Bryggeri (see Appendix 1) 
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The functional unit (seven tons of extract) may be difficult to explain to a broad audience 
and thus the results of the study are also going to be calculated for a quantity of a particular 
beer for the final communication. 
 
The System Boundaries and Cut-off Criteria 
The main criterion used for the establishment of the system boundary is that any significant 
change induced by the shift from conventional brewing to 100% barley brewing must be 
included in the study. The system boundary therefore includes all processes from the 
production of barley up to and including boiling, i.e. all processes shown in Fig. 2. 
 
It has not been possible to include all reference flows in the study. The applied cut-off 
criteria are as follows: Omitted aspects are of low environmental significance and only 
aspects counting in favor of 100% barley beer are omitted. The last criterion is used in 
order to make a conservative assessment of the environmental benefits of 100% barley 
beer.  
 
Furthermore, CO2 emissions from land transformation are not included2. Land 
transformation occurs when the demand for any crop changes (via so-called indirect land 
use change). However, CO2 emissions from land transformation are only included for some 
crops in the available inventory databases (e.g. Brazilian soy in the Ecoinvent database). 
This is of minor importance for the present study but, to be consistent, CO2 emissions from 
land transformation has been omitted for all crops. A discussion of the land issue is 
included in Section 10.5. 
 
Environmental Impact Categories 
Environmental impacts are expressed at midpoint level and characterization factors are 
derived from the ‘CML 2 baseline 2000’ life cycle impact assessment (LCIA) method3. 
 
The following environmental impact categories are considered: 
 

• Global warming: This impact category covers emissions to the atmosphere, which 
have an impact on the global climate. These emissions are constituted by the so-
called greenhouse gases (GHGs) and are measured in CO2 equivalents. 

• Acidification: Acidifying substances emitted to the environment causes degradation 
of leaves of plants and acidification of soils and shallow waters. These 
environmental impacts are characterised as acidification and measured in SO2 
equivalents. 

• Nutrient enrichment (eutrophication): Emissions of nutrients such as phosphorous 
and nitrogen can cause changes in the species composition of terrestrial ecosystems 
and oxygen depletion in aquatic ecosystems due to algal bloom. This impact is 
measured in phosphate (PO4

3-) equivalents. 

                                                 
2 Technically, the characterization factor for this type of emission (‘CO2, land transformation’) has been set 
to zero in the life cycle impact assessment method applied. 
3 Characterization factors from the ‘Ecoindicator 95’ method has been used for substances not included in 
‘CML 2 baseline 2000’ (typically ‘composite substances’ like NMVOC). This is to capture all relevant 
impacts from the substances listed in the life cycle inventory (LCI) data applied. Furthermore, the 
characterization factors for ‘CO2, biogenic’ and ‘CO2, in air’ have been set to zero. This is to ensure that 
plant production in the system is carbon  neutral. CO2 emissions from other sources are included in the 
impact assessment as ‘CO2, fossil’ or simply ‘CO2’ (depending on the inventory data). 
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• Photochemical ozone formation: Volatile organic compounds are degraded in the 
lower part of the atmosphere under the influence of sunlight. In the presence of 
nitrogen oxides (NOx), the process leads to ozone formation with adverse effects on 
agricultural production and human health. This impact is measured in ethylene 
(C2H4) equivalents. 

• Energy resources: This impact category expresses the use of fossil energy resources 
measured as the lower heating value (LHV). The lower heating value is the energy 
released from combustion of a fuel excluding the heat required for vaporisation of 
the water generated during combustion. 

• Agricultural land use: Production of barley and sugars etc. for enzyme production 
occupies agricultural land. This aspect is included as a separate impact category in 
the study. The impact is measured in m2year (to reflect area and duration of the 
occupation). 

 
Furthermore, water consumption is considered as a supplement to the impact categories 
mentioned above. Toxicological impacts are not considered quantitatively in the report 
because the current databases and methodologies are considered inadequate. Instead, a 
qualitative assessment of the toxicological impacts is included. Waste generation and 
contribution to stratospheric ozone formation are not important issues in the considered 
system, and these impact categories are ignored. 

4 Method 
The study is based on life cycle assessment (LCA) principles, where all significant 
processes in the product chain from raw material extraction through production and use to 
final disposal are included. The LCA is performed according to the method described by 
Wenzel et al. (1997) and environmental modeling is facilitated in the SimaPro 7.1.8 LCA 
software. The study compares the impacts that are generated when 100% barley beer is 
introduced with the impacts that are avoided when conventional brewing is replaced. 
Consequently, a marginal and market-oriented approach is taken in the study and co-
product issues are handled by system expansion (ISO 2006). For further details, see e.g. 
Ekvall and Weidema (2004). 
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5 Inventory Analysis 
The primary data used in the study is derived from full scale production at Harboes 
Bryggeri in 2009. Conventional brewing is a well-known process developed over centuries 
whereas 100% barley beer is still new. The study therefore compares a fully optimized 
process with a process that might still leave room for further improvement. A fully 
optimized process is likely to be more resource and energy efficient than a new process 
and the study is therefore likely to underestimate the environmental advantages of 100% 
barley beer to some degree. 
 
Secondary data is primarily derived from the Ecoinvent database (Ecoinvent 2007). An 
overview of secondary data sources is given in Table 1.   
 
Table 1: Specification of secondary data sources used in the study 

Material/Utility Specification 
Barley LCAfood (2003) – spring barley, from farm (Denmark) 
Tap water from ground LCA food (2003) – groundwater at tap, Denmark 
Electricity (coal-based) Ecoinvent (2007) – electricity, DK, hard coal, medium voltage 
Steam production Ecoinvent (2007) – heat, nat. gas, at boiler condensing modulating 
Transport Ecoinvent (2007) – lorry > 32t, EURO3/RER U  
 
LCA data is available for two types of Danish barley; spring barley and winter barley. 
Spring barley is always used for malt production in Denmark and 100% barley brewing at 
Harboes Bryggeri is also performed with spring barley. LCA data on spring barley has 
therefore been applied in the study. 
 
Steam used at Harboes Bryggeri is produced by combusting natural gas in a boiler on site.  
 
Data on electricity refers to coal-fired power plants because coal fired power plants are 
considered the dominating marginal source of electricity in Denmark (Behnke, 2006). The 
marginal electricity is assumed to be produced without co-generation of heat for housing 
and industry. The rationale behind this assumption is that heat from industry, power plants 
and waste combustion is in excess most of the year in Denmark.  
 
The environmental modeling of enzymes follows principles described by Nielsen et al. 
(2007)4

. Modeling includes all electricity, steam, and water consumptions as well as all 
waste treatment processes and more than 90% (w/w) of ingredients consumed. The main 
processes in enzyme production are shown in Fig. 3. Detailed production data for each of 
the relevant enzyme products has been made available to the reviewer (but is kept out of 
this report to avoid leakage of this confidential information). 

                                                 
4 Except that data have generally been updated and that marginal electricity supply has been updated from natural gas based to coal 
based (NORDEL; Ecoinvent 2007). 



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 8 - 

 

Fig. 3: Main processes in industrial enzyme production at Novozymes. Heat, electricity, and water are 
used in all processes and waste water is generated in all processes. 

 
Data on malt is derived from a green account (in Danish: grønt regnskab) from the main 
supplier of malt to Harboes Bryggeri (one of two malt suppliers). For further details, see 
next section. 

5.1 Malting  
The conventional brewing method is based on malt made from barley. Harboes Bryggeri 
has two suppliers of malt; Danish Malting Group and Sophus Fuglsang Export Malthouse. 
Both malt houses have exports to the world market. Therefore, a decreased demand for 
malt at Harboes Bryggeri is not likely to result in a decreased production at either of the 
two malt suppliers (because they will maintain the same production and simply export 
more malt). Instead, the change at Harboes Bryggeri will affect the marginal malt suppliers 
on the world market. In recent years, malt production has been increasing and new malting 
capacity has been installed in Eastern Europe. A change in the demand for malt is likely to 
affect this expansion and therefore the new malt houses in Eastern Europe can be 
considered the marginal suppliers of malt to the world market. The newly installed malt 
houses are state of the art and very efficient. Meanwhile, the same thing is true for DMG, 
which has strived to become highly energy efficient in recent years. It is therefore 
considered reasonable to use production data from DMG to simulate the malt production 
affected by a change from conventional brewing to 100% barley brewing.  
 
A simplified overview of the malting processes at DMG is outlined in Fig. 4. First, the 
grain is cleaned and steeped (soaked in water). This leads to germination in which the 
enzymes used during mashing are generated. During germination, there is a weight loss 
due to the energy consumed in the process. This is referred to as the metabolic loss. To 
obtain the final malt product, the germinated barley is dried (kilning) and then cleaned. 
 

 
Fig. 4: Main process flow in malting 
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The inputs and outputs from the malting process are given in Table 2. Data on malting in 
2008 has been obtained from the ‘green account’ from the Danish Malting Group A/S 
(DMG 2008). See Appendix 4 (in Danish). Heat produced and used at the factory is co-
produced with electricity. Electricity is delivered to the public grid where it replaces the 
marginal source of electricity, which is assumed to be coal-based electricity based on 
Behnke (2006). In the system modeling, this is handled by having an input of electricity 
and natural gas to the malting process (consistent with the numbers in Table 2) while also 
having an avoided electricity process (consistent with the output of electricity in Table 2). 
 
Table 2: Production of one ton of malt (DMG 2008) 

 Material/utility Unit Quantity 
Input Barley ton 1.22 
  Water m3 2.04 
  Electricity kWh 87.4 
  Natural gas Nm3 56 
Output Malt ton 1.0 
  Electricity kWh 76.8 
 Barley sharps kg 12.4 
  Malt sprouts kg 43.9 
 
As can be seen from Table 2, the net consumption of electricity at DMG is 10.6 kWh per 
ton of malt. The reason is that the malt house uses electricity in its processes (see Fig. 4) 
but also produces electricity in the co-generation mentioned above. The output of 
electricity is produced from the input of natural gas. The co-generation of electricity and 
heat is applied because it gives the best utilization of the fuel. To get an impression of the 
balance between the inputs of energy (electricity and natural gas) and the outputs of energy 
(electricity), the approximate amount of natural gas used for electricity production can be 
estimated. According to Ecoinvent (2007), a natural gas-fired power plant at the Nordic 
market uses 8.7 MJ of natural gas to produce 1 kWh electricity (no co-generation). This 
means that the output of electricity from DMG corresponds to roughly 670 MJ natural gas 
or 17 Nm3 (at 39 MJ/Nm3). Thus, roughly 30% of the input of natural gas is used for 
electricity and the rest is used for the heat required in kilning. It must be stressed that this 
is a rough estimation as it does not take into account the differences in efficiency between 
co-generation and dedicated electricity production. In terms of primary energy, the input to 
malting is roughly 3 GJ5 compared to the output of roughly 670 MJ, i.e. roughly 20% of 
the primary energy going into the malt house comes out again in the form of electricity. 
 
The by-products from malt production (barley sharps and malt sprouts) are used in animal 
feed. When malt production is displaced by the 100% barley brewing, the malt by-products 
must be replaced with another feed source. Wheat is the dominant feed crop in Europe 
(Steinfeld et al. 2006) but Weidema (2003) concludes that barley is the crop being affected 
by changes in demand in Europe, i.e. the marginal crop. It is therefore assumed that the 
malt by-products will be replaced with barley. Furthermore, it is assumed that the barley is 
Danish spring barley since this will allow for a calculation of a net change in barley 
consumption caused by the shift from conventional brewing to 100% barley brewing. The 
displacement of malt products is based on content of digestible energy.  The digestible 
                                                 
5 Estimation: 87.4 kWh ∙ 8.7 MJ/kWh + 56 Nm3 ∙ 39 MJ/kWh = 2940 MJ ~ 3 GJ 
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energy content of the by-products from the malting process is estimated at 651 MJ per ton 
malt (see Table 3).  
 
Table 3: Digestible energy content of by-products from production of one ton malt 

Barley sharps 12.4 kg 95% DM* 13.6 MJ/kg DM* 160 MJ 
Malt sprouts 43.9 kg 88% DM* 12.7 MJ/kg DM* 491 MJ 
Sum             651 MJ 
* Møller et al. (2005) 
 
Spring barleys digestible energy content is 12.9 MJ/kg6 and it is therefore assumed that 
651/12.9 = 50.4 kg spring barley per ton of malt has to be produced to compensate for the 
missing malt by-products when 100% barley brewing replaces conventional brewing. 

5.2 Milling 
Before the mashing process, the malt/barley must be ground and thereby turned into grist. 
Harboes Bryggeri uses hammer milling. The hammer mill is cleaned by hand and there are 
no by-products from the milling process. Barley is harder than malt, and electricity 
consumption for milling of the barley is somewhat higher than for malt and the steel 
hammers in the mill must be changed more often. To be conservative, the additional steel 
consumption is modeled with cast iron from the ETH database (ETH-ESU 1996) as this 
was the steel/iron process with the highest CO2 emissions among the available data 
sources. Despite of this choice, the steel issue turns out to be insignificant for the results7. 
 
Barley and malt have a moisture content of respectively 14% and 4% explaining why more 
grist and less water is used in 100% barley brewing compared to conventional brewing.  
Inputs and outputs per brew are shown in Table 4. 
 
Table 4: Hammer milling data given for one brew 

 Material/utility Unit Conventional 
brewing 

100% barley 
brewing 

Difference Included in 
the LCA? 

Input Malt ton 10.0 - -10.0 Yes 
Barley ton - 11.0 +11.0 Yes 
Electricity kWh 65 115 +50 Yes 

 Steel kg 0.14 0.21 +0.07 Yes 
Output Grist ton 10.0 11.0 - - 
 

                                                 
6 According to Møller et al. (2005) spring barley has a dry matter content of 85% and an energy content of 
15.2 MJ/kg dry matter 
7 Replacing material for hammers turned out to cause less than 0.002% of the total contribution to global 
warming.  



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 11 - 

5.3 Mashing 
During mashing, the grist is mixed with water and heated to allow enzymes (either 
contained in the malt or added to the grist) to convert the starch in the grist to fermentable 
sugars. As the different types of enzymes have different optima, the temperature during 
mashing is raised in steps and then kept constant for a while at different mashing rests. The 
start temperature of the grist/water mixture is obtained with excess heat from the first 
cooling process (see Fig. 1). Additional heating is performed with steam, which is blown 
into the double shell of the mash tun (the tank in which mashing takes place). The heating 
programs (mashing profiles) for the two processes are slightly different explaining the 
difference in steam consumption. See Table 5 and Appendix 5. 
 
Harboes Bryggeri is already using a number of industrially produced enzymes in 
conventional brewing to facilitate the conversion of starch and to maximize yields by 
improved filtration. Ondea® Pro is a mixed enzyme product and many of the existing 
functionalities of the enzymes used in the conventional process are built into this product.  
 
Lactic acid is used to regulate the pH of the mash. Lactic acid is saved when barley beer 
replaces conventional beer. LCA data on lactic acid production has not been located and 
lactic acid is not included in the assessment. This leads to a small underestimation of the 
environmental advantage of barley beer. Electricity consumption is the same in both 
processes. Inputs and outputs from the mashing process are given in Table 5. 
 
Table 5: Mashing data given for one brew 

 Material/utility Unit Conventional 
brewing 

100% barley 
brewing 

Difference Included in 
the LCA? 

Input Grist  ton 10.0 11.0 - Yes 
Water m3 25 24 -1 Yes 
Steam GJ 2.4 1.9 -0.5 Yes 
Lactic acid  liter 30 8 -22 No 
Enzymes products* - 5 liter 22 kg  - Yes 

Output Mash ton 35 35 0  
* The enzyme products added in conventional brewing are Ultraflo Max®, Promozyme®, Fungamyl®, and 
AMG®. The enzyme product for 100% barley beer is Ondea® Pro. 
 
The 10 tons of malt used for conventional brewing is equivalent to 12.2 tons of barley (see 
Table 2), i.e. this is the total consumption of barley in the conventional system. In the 
100% barley beer system, the total consumption of barley is the 11 tons used in mashing 
plus the barley used to replace malt by-products (10 ∙ 50.4 kg), i.e. 11.504 tons. This means 
that the difference in barley consumption is 0.696 tons per brew (or a 7% reduction 
compared to conventional brewing). This difference is mainly explained by the metabolic 
loss in malting (see Section 5.1). 
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5.4 Mash Filtration 
During mash filtration, the wort is separated from the spent grains with filter bags. The 
mash filtration takes 1½ to 2½ hours and requires electricity for pumping of the mash and 
water for sparging (a process used to increase the yield of extract). After mash filtration, 
the wort is collected in a storage tank. The spent grains are collected from the mash 
filtration and transported to local farmers who use it as animal feed. Data for the mashing 
process is given in Table 6. 
Table 6: Mash filtration data given for one brew 

 Material/utility Unit Conventional 
brewing 

100% barley 
brewing 

Difference 

Input Mash  ton 35 35 0 
 Water (sparging)  m3 22.5 22.5 0 
Output Wort ton 49.5 49.5 0 

Spent grains ton 8  8 0 
 
No differences between mash filtration for the conventional process and the barley beer 
process have been identified and therefore no data from the mash filtration process has 
been included in the study.  
 
Almost the same amount of dry matter enters the mashing process in both systems (10 tons 
malt with 4% humidity and 11 tons barley with 14% humidity, respectively) and the same 
amount of extract is harvested from both systems (see next section). This indicates that the 
outcome of spent grains from the two systems is not significantly different8 and this aspect 
is therefore ignored in the study. 

5.5 Boiling 
After mash filtration, the wort is boiled together with hops to add bitterness to the taste of 
the beer. The boiling takes roughly an hour and the boiler is heated with steam. Data for 
boiling is given in Table 7. Further information is available in Appendix 1. 
 
Table 7: Boiling data given for one brew 

 Material/utility Unit Conventional 
brewing 

100% barley 
brewing 

Difference Included in 
the LCA? 

Input Wort ton 49.5 49.5  Yes 
Heat GJ n.a. n.a. -1360 Yes 
Hop extract kg 4.6 3.7 -0.9 No 

Output Boiled wort* ton 46.43 47.08  - 
* Dry matter content (extract) of conventional wort and barley wort is 15.14% and 14.86%, respectively. 
 
No data on hop extract have been found and hop extract consumption is therefore ignored 
in the study. The amount of hop extract added to the wort is small compared with the 
amounts of barley used in both brewing processes9 and this omission is considered 
unimportant for the overall result of the study. Furthermore, hop extract consumption for 
the conventional process is slightly higher than for 100% barley brewing and ignoring hop 

                                                 
8 This is supported by the spent grain analyses reported in Appendix 6 but not fully documented as data on 
feed energy value are missing. 
9 Around 4 kg hop extract divided by 10,000 kg barley = 4·10-4 
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extract leads to a slight underestimation of the environmental advantage of 100% barley 
beer. The reason why fewer hops are used in 100% barley brewing is that the so-called 
perceived bitterness of the final beer turns out be higher compared to beer from malt 
(experience from taste trials). The reason is not fully understood but may be explained by a 
higher release of alpha acids from the hops to the wort. To compensate for the higher 
perceived bitterness (and thereby obtain wort comparable to that from malt brewing), 
fewer hops are added during boiling. Electricity consumption is the same in both 
processes. 
 
Empiric data on heat consumption for the boiling process is not available and a theoretical 
estimate of the minimum difference between the conventional process and 100% barley 
brewing has been made10. The result shows that at least 1360 GJ energy is saved in the 
boiling process when 100% barley brewing is implemented as alternative to conventional 
brewing. 
 

5.6 Transport  
 
Malt: Harboes Bryggeri buys malt from the Danish Malting Group (DMG). The malt is 
transported to Harboes Bryggeri by truck and stored in silos on site. The transportation 
distance is roughly 60 km11. The transport distance of barley from farmers to the malting 
facilities is unknown and ignored in the study. 
 
Barley: Harboes Bryggeri buys barley from local farmers at Zealand within a range of 
roughly 50 km from the brewery. The barley is stored in Sønderup (North of Slagelse) 
roughly 30 km away from the brewery in Skælskør. The total transportation distance is 
therefore estimated to be in the order of 80 km. 
 
Enzymes: Harboes Bryggeri buys enzymes from Novozymes. The enzymes are produced in 
Denmark and the transport distance is conservatively estimated to be 200 km. 
 
It is assumed that lorries (>32 ton) are used for all transport work.  

                                                 
10 The temperature and quantity of the incoming wort for the boiling process is the same for the two 
processes and the temperature of the outgoing wort is also the same. The output of boiled wort is 600 kg 
larger for the barley brewing process than the conventional process. This means that at least 600 kg · 2270 
kJ/kg = 1360 GJ extra energy is used during boiling in conventional brewing compared to barley brewing. 
2270 kJ/kg is the evaporation enthalpy for water 
 (www.engineeringtoolbox.com/water-thermal-properties-d_162.html). 
 
11 Vordingborg to Skælskør 
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6 Results 
The full inventory of changes in resource consumptions and emissions to the environment 
is shown in Appendix 8. 

6.1 Environmental Impact Assessment 
Characterized results of the environmental assessment are shown in Fig. 5. As can be seen 
from this figure, avoided impacts are generally higher than induced (added) impacts for all 
considered impact categories. 
 
The added contributions to environmental impacts are to a large extent driven by coal 
combustion (electricity for enzyme production and milling) whereas saved impacts to a 
large extent are driven by avoided natural gas combustion (heat production in malting). 
Higher emissions of acidifying substances from coal combustion than from natural gas 
combustion explains that the net acidification saving is relatively low. Lower CO2 
emissions from natural gas than from coal per MJ of energy explains that the net global 
warming reduction is smaller (relatively seen) than the fossil energy saving.  
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Fig. 5: Induced (added) and avoided (saved) contributions to environmental impacts when 100% 
barley brewing replaces conventional brewing. Induced impacts are primarily due to Ondea® Pro 
consumption in the mashing process and extra electricity consumption in the milling process. Avoided 
impacts are primarily due to avoided heat production for the malting process. Net savings in 
environmental impacts are obtained by subtracting the red bar from the green. 
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Induced and avoided contributions to global warming are disaggregated in Fig. 6. 
 

 

Fig. 6: Disaggregated results for global warming. Positive bars represent net reductions of contribution 
to global warming and negative bars represent net increases of contribution to global warming. ‘Saved 
barley’ represents the net change in barley consumption (taking into account the barley required to 
replace malt by-products). ‘Energy for malting’ is an aggregate of heat, electricity, and water 
consumed in the malting process. ‘Milling’ represents additional electricity used in the milling process. 
‘Mashing’ is an aggregate of added and saved enzymes and energy saving for heating in the mashing 
process. ‘Boiling’ represents saved steam in the boiling process. The blue bar (‘Total’) corresponds to 
the difference between the red and the green bar for global warming in Fig. 5. 

 
Fig. 6 shows that avoiding the malting process and saving barley are the main drivers in 
reducing contribution to global warming when 100% barley brewing replaces conventional 
brewing. Saving energy in the boiling process adds only slightly to the overall savings (5% 
of the total GHG emissions).  
 
Ondea® Pro is the main contributor to global warming in the mashing process. Avoided 
contributions to global warming from saving existing enzymes and saving energy for 
heating are relatively small and do not contribute much to the overall result.  
 
Transport of barley, malt and enzymes is not very important for the overall result. 
 
Compensation with spring barley for the missing output of barley sharps and malt sprouts 
from the malting process (504 kg barley per brew) reduced the overall savings on GHG 
emissions by 18%. 
 
Electricity is used in many processes in the system but the net effect on electricity 
consumption of switching from conventional brewing to 100% barley brewing is small. 
The net electricity consumption only contributes by around 1% to the overall result of the 
assessment. 
 
As shown in Fig. 6, the overall saving of greenhouse gases amount to 1740 kg CO2 eq. per 
brew, which is equivalent to 174 kg CO2 eq. per ton of malt replaced with barley. 
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7 Sensitivity Analyses 
The present assessment is based on a range of assumptions and simplifications which 
contribute to the uncertainty of the final outcome of the study. The most important 
assumptions and simplifications are addressed by sensitivity analyses in this chapter to test 
the robustness of the results.   

7.1 Barley Production 
Data on barley production (for both types of brewing and as replacement for malt by-
products in animal feed) is based on Danish conditions (LCA food 2003) and it could be 
interesting to see how results would change if other data on barley production were used in 
the study. Ecoinvent (2007) provides data for German, Spanish, Swiss, and French barley 
production and the full assessment has been conducted with these data as an alternative to 
the Danish data.  
 
The results are shown in Fig. 7 as net environmental improvements when conventional 
brewing is replaced with 100% barley brewing (green bar minus red bar in Fig. 5). 
 

 
Fig. 7: Net environmental improvements when different data on barley production are used in the 
study. All data are normalised to the base case (Danish barley) with data on barley production from 
LCA food (2003). IP stands for ‘integrated production’, ext. stands for ‘extensive production’, and org. 
stands for organic production.  

 
The results show that switching from conventional brewing to 100% barley brewing is a 
clear advantage in any of the considered cases. Avoided contribution to global warming is 
rather insensitive to the choice of barley production data whereas for instance the 
magnitude of land use and avoided contribution to eutrophication is very sensitive. The 
reason is that barley production is a main factor for eutrophication and land use whereas 
barley plays a more secondary role for global warming. 
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7.2 Malting 
Data on malting refers to the main supplier of malt to Harboes Bryggeri, Danish Malting 
Group (DMG). As previously discussed, DMG is a very efficient malt house and it would 
therefore be interesting to see how results would change if data from other malt houses 
were used. Novozymes has got access to heat and electricity data from seven other malt 
houses, mainly in Europe (confidential report12) and the full assessment has been 
conducted with data from these factories as an alternative to DMG. However, it is not clear 
whether the other malt houses have co-production of heat and electricity (like DMG). Two 
sets of sensitivity analyses for malt production have therefore been performed. In the A 
scenarios no co-generation is assumed while in the B scenarios, heat is assumed to be co-
produced with electricity. The results are shown in Fig. 8 and Fig. 9 as net environmental 
improvements when conventional brewing is replaced with 100% barley brewing (green 
bar minus red bar in Fig. 5).  
 

 
Fig. 8: Net environmental improvements when different data on malt production are used assuming no 
co-generation of heat and electricity – except for the base case with DMG (0A). All data are normalized 
to the base case with data on barley production from LCA food (2003). 

 

                                                 
12 Details of the report are kept confidential - except to the external reviewer during the review process. 
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Fig. 9: Net environmental improvements when different data on malt production are used assuming 
co-generation of heat and electricity. Same proportion of electricity as in the base case with DMG (0B) 
is co-produced with heat and delivered to the public grid (replacing coal based electricity). All data are 
normalised to the base case with data on barley production from LCA food (2003). 

 
The results in Fig. 8 and Fig. 9 show that switching from conventional brewing to 100% 
barley brewing is a clear advantage in any case and that energy consumption in the malt 
house is very important for the outcome of the assessment when global warming, 
acidification, photochemical ozone formation, and fossil energy consumption are 
considered. Data on malt production has little influence on nutrient enrichment 
(eutrophication) and land use. As discussed previously, marginal malt production is likely 
to come from rather efficient malt houses but, if the shift from conventional brewing to 
100% barley brewing would affect some of the less efficient malt houses, this sensitivity 
analysis shows that the environmental advantage could be more than a factor two higher 
than in the base case (if heat is not co-produced with electricity). 
 
According to Euromalt (2008), the average input required for production of one ton malt is 
1.27 tons of barley, 1.18 MWh of energy, and 5 m3 of water. Euromalt (2008) does not 
specify whether the reported energy use is only for kilning. If that it the case, the kilning 
requires roughly 110 Nm3 of natural gas (of which some may be converted to electricity). 
This is almost twice the amount of energy used at DMG for kilning, which may be 
explained by the low water consumption at DMG (2 m3 compared to the 5 m3 reported by 
Euromalt). The less water used during soaking, the less energy is required during kilning. 
The Euromalt figures are very rough and the (possible) aggregation is not clear so a 
detailed comparison with the DMG figures is not possible. However, the Euromalt figures 
clearly indicate that DMG is indeed an efficient malt house. 
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7.3 Transport 
A relatively short transportation distance has been assumed in the study because Harboes 
Bryggeri has close access to both enzymes and barley. It could be interesting to see how 
results would change if the brewery was located far from the supplier of enzymes and 
barley and the full assessment has been conducted on a realistic case where the brewery is 
located in central China and barley is transported from Canada and enzymes are still 
transported from Denmark.  See Table 8. 
 
Table 8: Transport scenario used in sensitivity assessment. 

Barley Ship  104,000 t·km   12.2 t barley transported 8500 km from Vancouver to Shanghai 

 Rail  37,000 t·km  12.2 t barley transported 3000 km from Shanghai to Chinese brewery 

Enzymes Lorry  15 t·km  17 kg enzymes transported 900 km from Kalundborg to Rotterdam 

 Ship  290 t·km  17 kg enzymes transported 17,000 km from Rotterdam to Shanghai 

 Rail  51 t·km  17 kg enzymes transported 3000 km from Shanghai to Chinese brewery

 
The results show that the impact of barley transport is very important for the final result 
whereas transport of enzyme is negligible (< 0.5%). Transporting the large amount of 
barley the long distance from Canada to Central China causes GHG emissions in the order 
of 2500 kg CO2 equivalents and the advantage of implementing 100% barley brewing is a 
factor 2.4 higher in terms of global warming when the barley is transported long distance 
as in the present example. It is acknowledged that this result should be interpreted with 
care as data on other processes in the system still refer to the Danish case. Furthermore, it 
is important to consider what happens if China uses barley for brewing, which was 
previously used for animal feed. If China will simply have to import more crops (instead of 
malt barley) to feed their animals, the net gains in terms of reduced environmental impacts 
are reduced. 

7.4 Hops 
Hops were ignored in the assessment because LCA data were missing. Two carbon 
footprint reports on beer production are, however, available (The Climate Conservancy 
2008 and Majcher 2008). These two reports contain data on GHG emissions from hops13 
and a simplified assessment only covering contribution to global warming has been made. 
The results show that hops saving achieved by switching from conventional brewing to 
100% barley brewing is unlikely to reduce the estimated climate benefit by more than 1% 
and ignoring hops in the assessment does not add much to uncertainty of the study.  

7.5 Electricity 
Electricity consumption contributes only very little to the overall result of the assessment 
(see result section) and the results of the assessment are insensitive to the choice of 
electricity scenario. 

                                                 
13 From the analysis made by Climate Conservancy (2008), a carbon footprint of 2.5 kg CO2 eq. per kg hops 
can be derived (2.3 if transport is excluded). Majcher (2008) estimates a carbon footprint between 1.1 and 1.2 
kg CO2 eq. per kg hops. 
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8 Discussion  

8.1 Water 
With the data available, it has not been possible to quantify the change in water 
consumption caused by the introduction of 100% barley brewing but the new brewing 
method is likely to lead to a decrease in water consumption seen in a life cycle perspective. 
With 100% barley brewing, process water is saved when skipping the malting process and 
when less water has to be applied in mashing (see Table 2 and Table 5). This amounts to 
21.4 m3 per brew (10 ∙ 2.04 + 1). Meanwhile, almost the same amount of process water 
goes into production of Ondea® Pro (seen per brew). This is without counting the water 
used in production of the agricultural substrates going into the enzyme production, e.g. 
possible irrigation. If this is taken into account, it may outbalance the water savings 
obtained in mashing and malt production. However, the substantial savings in barley 
consumption are likely to ensure an overall reduction in water use as the barley production 
is most likely also related to some degree of irrigation.  

8.2 Toxicity  
Toxicity impacts are likely to be linked to energy and agricultural processes because all 
significant products in the considered system are derived from agricultural production. As 
both energy consumption and agricultural land use are reduced with 100% barley brewing 
(see Fig. 5), it is considered very likely that a switch from conventional brewing to 100% 
barley brewing reduces toxicological impacts from beer production. 

8.3 Data Quality Assessment 
The quality of data on beer production at Harboes Bryggeri are generally considered high 
although it is acknowledged that estimation of steam consumption in mashing and boiling 
is based on rather simple assumptions and estimation principles. 
 
Modeling of the production of enzymes (both for conventional brewing and 100% barley 
brewing) is based on very detailed up-to-date production information and the quality of the 
data is considered good. For details, see Nielsen et al. (2007).  
 
Data on barley production are based on very detailed records from a representative sample 
of Danish farmers and data quality is considered good even though the data are not 
completely up to date (refer to 2002).  
 
Data on malting are up-to-date and are considered good. 
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9 Conclusions 
Replacing conventional brewing with 100% barley brewing saves energy because no malt 
production is required. Furthermore, it reduces the use of barley by 7% seen over the entire 
life cycle of beer production (~700 kg per functional unit). These are the two most 
important aspects when looking at energy consumption and global warming. Furthermore, 
production of the required enzyme product Ondea® Pro has a significant influence on the 
results, adding some impacts from its production. 
 
Shifting from conventional brewing to 100% barley brewing at Harboes Bryggeri reduces 
greenhouse gas emissions by 1740 kg CO2 eq. per brew (equivalent to roughly 680 hl beer 
with an alcohol strength of 4.6% by volume). This corresponds to a GHG reduction of 8.4 
g CO2 eq. per can of beer (33 cl, 4.6% alcohol by volume) or 174 kg CO2 eq. per ton of 
malt replaced with barley. 
 
100% barley brewing also leads to considerable environmental benefits in all other 
considered impact categories; acidification, nutrient enrichment (eutrophication), 
photochemical ozone formation, energy consumption, use of agricultural land (see Table 
9), and most likely water consumption and toxicity. 
 
Table 9: Overview of net reductions in environmental impacts given per functional unit 

Impact 
category 

Global 
Warming Acidification Eutrophication Photochem. 

ozone form. 
Fossil 
energy 

Agricultural 
land use 

Net saving 1740  3.3 3.5 260 26 1380 
Unit kg CO2 eq. kg SO2 eq. kg PO4

3- eq. g C2H4 eq. GJ m2∙year 
 
Shifting from conventional brewing to 100% barley brewing causes some changes in the 
electricity required for milling, energy consumption in mashing and boiling, and transport 
of malt and barley. These changes are of minor importance for the results. 
 
This study has considered Danish production of spring barley. Some of the results of the 
analysis change considerably if data for French, German, Spanish, or Swiss barley 
production is used (but remain positive in all considered impact categories). However, the 
results for global warming and energy consumption are quite robust. 
 
Malt data were applied for a very efficient supplier. If 100% barley brewing would replace 
production at less efficient malt houses, the environmental benefits would be significantly 
higher (in some cases more than 70% for global warming). 
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10 Perspectives 
This section broadens the perspectives of the results calculated above. 

10.1 GHG Savings per Can of Beer 
This study used seven tons of extract as the functional unit because a given amount of beer 
is not unambiguous. However, it is interesting to know how the result relates to one can of 
final beer ready for consumption. Assuming a density of 1 t/m3, the output of wort from the 
boiling process (see Table 7) has a volume of 471 hl. At Harboes Bryggeri, this amount of 
boiled wort yields the same amount of beer after fermentation and maturation (see Fig. 1) 
with an alcohol strength of 6.66% (by volume). At a dilution down to 4.6% alcohol (by 
volume), it is possible to produce roughly 680 hl beer corresponding to 206,560 cans (33 cl 
each). This corresponds to a GHG reduction of 8.4 g CO2 eq. per can of beer (2.55 kg CO2 
eq. per hl). The calculation is shown below: 
 
1740 ∙ 103 g CO2

 eq/brew / (470.8 hl/brew ∙ (6.66/4.6) / 3.3∙10-3 hl/can) = 8.4 g CO2 eq./can 
 

10.2 Beyond Site Specificity 
As described above, the present study has been performed specifically for the brewery in 
Skælskør (Denmark) owned by Harboes Bryggeri. However, it would be helpful with a 
more general estimate of the environmental benefits obtainable with 100% barley brewing. 
An estimate of this can be made based on the following modifications of the LCA: 
 

1. Transport issues are ignored (as these relate specifically to this site specific study) 
2. The energy saved at Harboes Bryggeri during malting due to different mashing-in 

temperatures14 in the two brewing processes is ignored (because not all breweries 
necessarily utilise waste heat from cooling and some breweries may have a 
different starting temperature for conventional brewing) 

3. Enzymes for conventional brewing are ignored (as some breweries may perform 
conventional brewing without any application of industrially produced enzymes) 

4. Energy saving in boiling is ignored (assuming that the same amount of water is 
evaporated in both brewing processes) 

 
With these modifications of the system modeling, the savings for global warming are 1620 
kg CO2 eq. per functional unit (or 2.4 kg CO2 eq. per hl or 7.8 g CO2 eq. per can of beer at 
4.6% alcohol by volume). This is a reduction of 7% compared to the base case. For fossil 
energy, the reduction is also 7%. For acidification, nutrient enrichment, and land use, the 
reduction is 1%. For photochemical ozone formation, the modification actually leads to an 
increase of the benefits of 45%. This is because of the ignored transport aspects (which is 
the only modification counting in favor of 100% barley brewing). The result is equivalent 
to a GHG reduction of 162 kg CO2 eq. per ton of malt replaced with barley and it can be 
considered a conservative estimate of the climate benefits generally obtainable with 100% 
barley brewing. 

                                                 
14 Start temperature in mashing 
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10.3 Relative GHG Savings in the Life Cycle of Beer  
The current study only looks at the changes caused by a shift from conventional brewing to 
100% barley brewing. This makes it possible to estimate the environmental benefits from 
this shift in technology. However, it is not possible to assess the relative benefits seen over 
the entire life cycle of beer (covering extraction and production of raw materials, brewing, 
packaging, bottling, consumption, reuse of materials, etc). With the data and time available 
for the present study, it has not been possible to perform a full LCA of conventional beer 
production at Harboes Bryggeri and it is therefore not possible to calculate the relative 
savings from 100% barley brewing. 
 
However, several other studies have looked at the full life cycle impact of beer production. 
These studies differ very much in the type of beer studied, the system boundaries applied, 
the data included, and the quality of the modeling performed. It is therefore difficult to 
compare the results, internally and to the present study. 
 
The Climate Conservancy (2008) calculates a carbon footprint for the beer brand Fat Tire 
Amber Ale of 150 kg CO2 eq. per hl. Half of this stems from ‘glass’ and ‘retail’. Based on 
this analysis, Nørrebro Bryghus (2009) estimate that their Globe Ale has a carbon footprint 
of 82 and 140 kg CO2 eq. per hl for draft and bottled beer, respectively (leaving barley out 
of the analysis). Majcher (2008) estimates the carbon footprint of beer from cradle to gate 
at 28 and 33 kg CO2 eq. per hl for conventional and organic beer, respectively (leaving out 
packaging and field emissions from agriculture). Virtanen et al. (undated) provides a 
relative distribution of the climate impacts from beer production. Based on the known 
impacts of barley production, it is estimated that the full carbon footprint of beer is roughly 
50 kg CO2 eq. per hl (cradle to grave). Takamoto et al. (2004) estimate the cradle-to-grave 
footprint of beer to be 16 kg CO2 eq. per hl (incl. packaging). Koroneos et al. (2003) 
estimates the carbon footprint of beer (cradle to grave) to be 75 tons CO2 eq. per hl, which 
clearly seems overrated (must likely a factor 1000 mistake). However, it is interesting to 
note that 78% of the greenhouse effect is reported to come from bottle production (at a 
51% reuse rate). In fact, one of the few clear conclusions that can be drawn from this 
literature review is that packaging accounts for a large share of the total climate impacts of 
beer seen in a full life cycle perspective. An overview of the full literature review is given 
in Appendix 7. 
 
The Fat Tire Amber Ale has an alcohol content of 5.2% (by volume). At this strength, 
100% barley brewing at Harboes Bryggeri would yield a GHG reduction of 2.9 kg CO2 eq. 
per hl equivalent to a relative saving of 2%. If looking only at malt, barley, and brewing 
operations (6%, 12.6% and 3.9% of the total footprint, respectively), the relative saving 
would be 9%. This indicates that although the relative savings from 100% barley brewing 
may be modest in the entire life cycle of beer, they are quite substantial in the barley-malt-
beer chain. 
 
If comparing to the study by Takamoto et al. (2004), the relative savings from 100% barley 
brewing are very high. Assuming an alcohol strength of 4.6% by volume, the relative GHG 
savings would be more than 15% (from cradle to gate, incl. packaging). If packaging and 
filtration is excluded, the savings would be 22%. This result is more or less comparable to 
the 9% savings calculated for the barley-malt-beer chain of Fat Tire Amber Ale (Climate 
Conservancy 2008). 
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According to Carlsberg (2007), their average energy consumption in 2006 was 9.3 kWh 
electricity and 24.6 kWh of thermal energy per hl beer. In 2008, these numbers were 7.9 
kWh electricity and 23 kWh thermal (primary) energy (Carlsberg 2009a). This covers 
breweries only so there is no aggregation with soft drink production or with malt 
production. Furthermore, primary packaging (packaging that comes into direct contact with 
the product) accounts for around 40% of the CO2 emissions from Carlsberg’s products 
throughout their whole lifecycle (Carlsberg 9b). This also covers soft drinks with a lower 
carbon footprint than beer so the corresponding figure for beer alone is figure is probably 
lower. Furthermore, it covers many different countries. In Denmark, which has relatively 
high reuse rates for beer containers, the figure may therefore be even lower than the 
international average for beer. However, the figure of 40% has been used to estimate the 
full carbon footprint of beer incl. packaging and reuse. This estimation is based on the malt 
data given in Table 2, the information from Carlsberg, and considerations on displacement 
of spring barley (animal feed) with spent grains. The estimation is presented in Table 10. 
 
Table 10: Simple estimation of the carbon footprint for conventional beer production (1 hl) from 
cradle to gate incl. packaging and reuse (distribution and retail not included) 

Reference flows Reference Quantity kg CO2 eq. per hl 

Malt (incl. barley and other upstream processes) DMG (2008) 10 t / 
680 13.2 

Brewing processes, electricity Carlsberg (2009a) 7.9 kWh 7.7 
Brewing processes, thermal (primary) energy Carlsberg (2009a) 23 kWh 1.5 
Barley displaced by spent grains See foot note15 3.1 kg -2.0 
Subtotal (beer production excl. packaging)   20.4 
Primary packaging (and other aspects) Carlsberg (2009b) 40% 13.6 
Total (beer production incl. packaging)   34.0 
 
The estimate in Table 10 (34 kg CO2 eq. per hl beer equivalent to 112 g CO2 eq. per can) 
lies between the estimate from Takamoto et al. (2004) (16 kg CO2 eq. per hl incl. 
packaging) and that from Climate Conservancy (2008) (150 kg CO2 eq. per hl incl. 
packaging, distribution, and retail). It is considered the most relevant estimate for 
estimating the relative reduction in GHG emissions obtained with 100% barley brewing. It 
excludes a few minor inputs to conventional beer production such as enzymes, hops, and 
cleaning materials. On the other hand, the packaging aspect is most likely overrated for 
beer cans on the Danish market. The estimate is therefore considered to be crude, but 
reasonable (excluding distribution and retail). Since 2.5 kg CO2 eq. is saved per hl when 
100% barley is used, this type of beer thus has a carbon footprint which is 8% lower 
(2.55/34) than conventional beer (12% if packaging is excluded). 

                                                 
15 The feed value (digestible energy for cattle) of fresh spent grains and spring barley is 3.5 and 12.9 MJ/kg, 
respectively (derived from Møller et al. 2005). Spent grains generation amount to 11.5 kg/hl (8 t / 680 hl) 
equivalent to 40.5 MJ/hl or 3.1 kg spring barley per hl. The carbon footprint of spring barley is 0.63 kg CO2 
eq. per kg (LCA food 2003) so displaced barley accounts for -2 kg CO2 eq. per hl (-3.1 kg ∙ 0.63 kg CO2 
eq./kg). 



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 26 - 

10.4 Potential Global GHG Savings 
The current world production of barley malt is roughly 20 million tons (Euromalt 2009). 
Novozymes estimates that, theoretically, 90% of this malt could be replaced with barley 
and Ondea® Pro. Using the results from the present LCA, this means that the potential 
global GHG savings would be more than 3 million tons CO2 eq. (0.174 tons CO2 eq./ton 
malt ∙ 90% ∙ 20 million tons of malt).  
 
Within the next ten years, global beer production is expected to increase by 50% 
(Euromonitor 2009) resulting in a total malt demand of roughly 30 million tons. Under 
these circumstances, the global potential of 100% barley brewing would amount to 5 
million tons CO2 eq. (still assuming 90% replacement of malt). 
 
A 90% displacement of global malt production would result in displacement of many 
inefficient malt houses so the savings estimated above would in fact be even higher. 

10.5 Indirect Land Use Change 
100% barley brewing not only saves energy and water, it also saves barley. Seen over the 
entire life cycle (taking the feed value of malt by-products into account), 100% barley 
brewing reduces barley consumption by 7% (see Section 5.3). This is not likely to affect 
the agricultural area in Denmark but it reduces the pressure on agricultural land at a global 
scale. Kløverpris et al. (2009) estimates that additional consumption of one ton of wheat in 
Denmark leads to an expansion of the global agricultural area of roughly 1700 m2∙year. 
The yield of Danish barley is approximately 25% lower than that of Danish wheat 
(FAOSTAT 2007). Assuming an inverse relationship between yield and land expansion, 
increased consumption of one ton of barley in Denmark will lead to expansion of the 
global agricultural area of roughly 2300 m2∙year (1700 m2∙year / 75%). Furthermore, if it is 
assumed that a decrease in consumption has the inverse effect of an increase in 
consumption then roughly 1600 m2∙year of land (0.7 tons of barley * 2300 m2∙year/t) could 
be saved for each brew made with the 100% barley brewing concept instead of 
conventional brewing. Theoretically, this could reduce current global land use by roughly 
3200 km2∙year (an annual area twice the size of greater London or roughly the size of the 
Danish island Funen). These considerations must be taken with some caution but they go 
to show that less natural land will be taken into production (or more will be released 
depending on region) when beer is produced directly from barley instead of malt. 
Consequently, 100% barley brewing will reduce environmental impacts from human land 
use (GHG emissions, biodiversity loss, etc.). These indirect effects have not been 
considered in the LCA, which only underlines the conservativeness of the results. 
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Appendix 1: Extract data from Harboes Bryggeri 
Extract yields after boiling for conventional beer production (Maltbryg) and barley beer 
production (Bygbryg). 
 
Original data from Harboes Bryggeri on full scale production in 2009 
 
The amounts of extract are 7030 kg for barley beer and 6996 kg for conventional beer.  
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Appendix 2: Tasting Test (Technical University of Berlin) 
 
Result of sensory analyses conducted by a professional panel at Technical University of 
Berlin.  
 
F0: 100% malt, F40: 40% barley + 60% malt beer, F100: 100% barley beer 

 
 
Conclusion: No significant difference between the beers 
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Appendix 3: Tasting Test (K.U. Leuven) 
 
The e-mail below from Nele Venbenden from K.U Leuven to Stefan Kreisz at Novozymes 
briefly summarizes the tasting results of 6 beers consisting of different mixes of malt beer 
and 100% barley beer. F0 contains no barley beer, F20 contains 20% barley beer, etc. 
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Appendix 4: Green Account from DMG (Excerpt) 
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Appendix 5: Mashing profiles 
 
Conventional brewing 
 
Mashing-in: 51° C   
Mashing rest: 10 min. 
Heating: 65° C 
Mashing rest: 40 min. 
Heating: 72° C 
Mashing rest: 10 min. 
Mash-out 
Cooling:  60 min. 
 

100% barley brewing 
 
Mashing-in: 54° C 
Mashing rest: 40 min. 
Heating: 64° C 
Mashing rest: 45 min. 
Heating: 72° C 
Mashing rest: 10 min. 
Mash-out 
Cooling: 60 min. 
 

                          
The difference in heat consumption between 100% barley brewing and conventional 
brewing is  explained by the fact that the heating from tap water temperature to the 
mashing-in temperature is based on heat from the cooling process, which would otherwise 
be wasted (see Fig. 1) and that 100% barley brewing has a slightly higher mashing-in 
temperature (54oC) than malt brewing (51oC). Slightly more ‘pollution free’ energy (from 
the cooling process) and slightly less natural gas based steam are thus used in 100% barley 
brewing compared to conventional brewing. 
 
The heat required for heating of the mash is calculated based on the following specific heat 
capacities: 
 
Water:  4.18 kJ/kg·K 
Barley: 0.6 kJ/kg·K* 
Malt: 0.9 kJ/kg·K* 
 
*Based on Figure 3 in Jiriková et al. (2006) 
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Appendix 6: Results of spent grains analyses. 
 
 

 
 
 
HAB 1, 2 og 3: Barley beer, HAB 4 conventional beer.  
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Appendix 7: Other Brewing Studies 
 
Authors Title GHG emissions Comments 

Climate 
Conservancy 
(2008) 

The Carbon 
Footprint of Fat 
Tire Amber Ale 

150 kg CO2 eq./hl Carbon footprint (not full LCA). Very elaborate study. 
Corporate behavior (e.g. business travel) included but 
with little influence on result. No credits for spent grains 
as feed. 

Cordella  
et al. (2008) 

LCA of an Italian 
Lager Beer 

Not reported 
(end point method 
applied) 

Corresponding author contacted for details 6 Nov 2008 
(no reply by June 2009). 
 
 

Koroneos  
et al. (2003) 

LCA of Beer 
Production in 
Greece 

392 kg CO2 eq. per 520 
ml beer (incl. bottle) =  

75 t CO2 eq./hl 
Apparently not correct! 

Author contacted for details 29 Oct 2008 (no reply by 
June 2009). 
78% of the greenhouse effect reported to come from 
bottle production (51% reuse) 

Majcher 
(2008) 

LCA of the 
energy use in 
lager production 

Conventional:  
28 kg CO2 eq./hl 

Organic: 
33 kg CO2 eq./hl 

In Danish. Cradle-to-gate – CO2 emissions and energy 
(not full LCA). Field emissions from agriculture not 
included! 35% more malt in organic beer compared to 
conventional. 

Nørrebro 
Bryghus 
(2009) 

CO2 account for 
Globe Ale 

Bottle/draft: 
140 kg CO2 eq./hl 

82 kg CO2 eq./hl 

In Danish. Cradle-to-gate – GHG emissions (not full 
LCA). Production of barley not included. Very rough 
calculations, mainly based on Climate Conservancy 
(2008) 

Talve (2001) LCA of a Basic 
Lager Beer 

Estimated from Fig. 8 in 
paper: 65 kg CO2 eq. 
per 10 hl beer =  

6.5 kg CO2 eq./hl 

The study suffers from lack of data (performed in 2001) 
and results are most likely underestimated. 
CH4 and N2O emissions from agriculture not included 
(Fig. 8) and average electricity data applied (Table 2) 

Takamoto  
et al. (2004) 

Life Cycle 
Inventory 
Analysis of a 
Beer Production 
Process 

Emissions in 1990:  
16.3 kg CO2 eq./hl 

 
Emissions in 2002:  

16.0 kg CO2 eq./hl 

Cradle-to-gate assessment. Takamoto has reported 
production volumes in an e-mail sent 24 November 2008. 
Distribution of GHG emissions: 
- Wort production (incl. raw mat.): 53% 
- Fermentation and storage: 19% 
- Filtration and packaging: 28% 

Virtanen  
et al. 
(undated) 

An analysis of 
the total 
environmental 
impact of barley-
malt-beer chain 

Not reported – but 
apparently 50 kg CO2 
eq./hl (based on 
‘backtracking’) 

Author contacted for details 29 Oct 2008 (no reply by 
June 2009). 
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Appendix 8: Life Cycle Inventory 
 

Title:  Comparing 1 n 'Saved' with 1 n 'Used'   

Method:  CML 2 baseline 2000 (nz for presentation) V1.01 /  World, 1990 

Per sub-compartment:  No         

Default units:  No         

Indicator:  Inventory         

Relative mode:  Non         

               

Emissions marked with a star (*) have not been included in the impact assessment (see page 5 in the report) 

              

No Substance   Compartment Unit Saved Used 
1 Aluminium, 24% in bauxite, 11% in crude ore, in ground Raw g -65.88 117.25 

2 Anhydrite, in ground   Raw mg -2.07 4.46 

3 Barite, 15% in crude ore, in ground   Raw g -856.68 156.37 

4 Baryte, in ground   Raw g -82.38 50.53 

5 Basalt, in Boden   Raw ng -10.85 23.43 

6 Basalt, in ground   Raw g -8.24 14.02 

7 Bauxite, in ground   Raw g -8.09 40.20 

8 Borax, in ground   Raw µg -276.97 346.61 

9 Cadmium, 0.30% in sulfide, Cd 0.18%, Pb, Zn, Ag, In, in 
ground 

Raw mg -202.28 312.48 

10 Calcite, in ground   Raw kg -6.33 6.57 

11 Carbon dioxide, in air*   Raw kg -11.76 151.50 

12 Carbon, in organic matter, in soil   Raw g -14.96 323.19 

13 Cerium, 24% in bastnasite, 2.4% in crude ore, in ground Raw pg 0.00 0.00 

14 Chromium, 25.5 in chromite, 11.6% in crude ore, in ground Raw ng -29.10 62.86 

15 Chromium, 25.5% in chromite, 11.6% in crude ore, in ground Raw g -14.49 31.31 

16 Chromium, in ground   Raw g -0.35 1.53 

17 Chrysotile, in ground   Raw mg -4.34 20.27 

18 Cinnabar, in ground   Raw mg -0.40 1.87 

19 Clay, bentonite, in ground   Raw g -139.84 85.60 

20 Clay, unspecified, in ground   Raw kg -1.39 2.33 

21 Coal, 18 MJ per kg, in ground   Raw kg -0.60 12.33 

22 Coal, brown, 8 MJ per kg, in ground   Raw g -421.83 849.98 

23 Coal, brown, in ground   Raw kg -10.32 7.84 

24 Coal, hard, unspecified, in ground   Raw kg -80.82 162.00 

25 Cobalt, in ground   Raw µg -611.27 873.41 

26 Colemanite, in ground   Raw mg -193.79 351.62 

27 Copper, 0.99% in sulfide, Cu 0.36% and Mo 8.2E-3% in 
crude ore, in ground 

Raw g -2.27 3.56 

28 Copper, 1.18% in sulfide, Cu 0.39% and Mo 8.2E-3% in 
crude ore, in ground 

Raw g -12.52 19.52 

29 Copper, 1.42% in sulfide, Cu 0.81% and Mo 8.2E-3% in 
crude ore, in ground 

Raw g -3.32 5.18 
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30 Copper, 2.19% in sulfide, Cu 1.83% and Mo 8.2E-3% in 
crude ore, in ground 

Raw g -16.60 26.00 

31 Copper, in ground   Raw g -1.12 4.69 

32 Diatomite, in ground   Raw µg -41.00 66.12 

33 Dolomite, in ground   Raw g -13.44 3.14 

34 Energy, from coal   Raw MJ -140.97 -6.98 

35 Energy, from coal, brown   Raw MJ -9.34 -0.86 

36 Energy, from gas, natural   Raw MJ -750.01 -35.08 

37 Energy, from hydro power   Raw MJ -6.69 -0.50 

38 Energy, from oil   Raw MJ -173.16 -12.34 

39 Energy, from uranium   Raw MJ -20.90 -1.73 

40 Energy, gross calorific value, in biomass Raw MJ -134.34 1788.86 

41 Energy, gross calorific value, in biomass, primary forest Raw MJ -1.84 39.45 

42 Energy, kinetic (in wind), converted   Raw MJ -4.66 3.15 

43 Energy, kinetic, flow, in wind   Raw J 0.00 0.01 

44 Energy, potential (in hydropower reservoir), converted Raw MJ -67.49 36.59 

45 Energy, potential, stock, in barrage water Raw MJ -2.00 7.64 

46 Energy, solar   Raw J 0.00 0.00 

47 Energy, solar, converted   Raw kJ -66.31 51.78 

48 Feldspar, in ground   Raw µg -19.27 19.64 

49 Fluorine, 4.5% in apatite, 1% in crude ore, in ground Raw g -6.02 103.75 

50 Fluorine, 4.5% in apatite, 3% in crude ore, in ground Raw g -5.21 66.25 

51 Fluorspar, 92%, in ground   Raw g -14.97 5.77 

52 Gadolinium, 0.15% in bastnasite, 0.015% in crude ore, in 
ground 

Raw pg 0.00 0.00 

53 Gallium, 0.014% in bauxite, in ground   Raw ng -189.51 148.81 

54 Gas, mine, off-gas, process, coal mining/kg Raw g -4.25 75.07 

55 Gas, mine, off-gas, process, coal mining/m3 Raw m3 -1.02 2.00 

56 Gas, natural, 35 MJ per m3, in ground   Raw m3 -2.98 5.53 

57 Gas, natural, in ground   Raw m3 -722.21 12.18 

58 Gas, petroleum, 35 MJ per m3, in ground Raw m3 -1.26 0.70 

59 Glauberite   Raw mg -1.31 2.83 

60 Gold, Au 1.1E-4%, Ag 4.2E-3%, in ore, in ground Raw µg -95.59 233.97 

61 Gold, Au 1.3E-4%, Ag 4.6E-5%, in ore, in ground Raw µg -175.28 429.02 

62 Gold, Au 1.4E-4%, in ore, in ground   Raw µg -209.88 513.70 

63 Gold, Au 2.1E-4%, Ag 2.1E-4%, in ore, in ground Raw µg -320.56 784.61 

64 Gold, Au 4.3E-4%, in ore, in ground   Raw µg -79.45 194.46 

65 Gold, Au 4.9E-5%, in ore, in ground   Raw µg -190.29 465.76 

66 Gold, Au 6.7E-4%, in ore, in ground   Raw µg -294.60 721.07 

67 Gold, Au 7.1E-4%, in ore, in ground   Raw µg -332.19 813.08 

68 Gold, Au 9.7E-4%, Ag 9.7E-4%, Zn 0.63%, Cu 0.38%, Pb 
0.014%, in ore, in ground 

Raw µg -19.91 48.72 

69 Granite, in ground   Raw ng -320.00 224.11 

70 Gravel, in ground   Raw kg -121.45 157.00 

71 Gypsum, in ground   Raw mg -45.00 24.37 

72 Helium, 0.08% in natural gas, in ground   Raw ng -956.69 751.11 



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 38 - 

73 Indium, 0.005% in sulfide, In 0.003%, Pb, Zn, Ag, Cd, in 
ground 

Raw mg -3.38 5.21 

74 Iron, 46% in ore, 25% in crude ore, in ground Raw kg -6.77 5.30 

75 Iron, in ground   Raw g -170.67 617.62 

76 Kaolinite, 24% in crude ore, in ground   Raw g -0.94 1.74 

77 Kieserite, 25% in crude ore, in ground   Raw g -28.43 407.84 

78 Kiselgur   Raw kg -0.14 2.02 

79 Land use II-III   Raw m2a -0.14 0.41 

80 Land use II-III, sea floor   Raw m2a -1.31 0.77 

81 Land use II-IV   Raw m2a -0.09 0.32 

82 Land use II-IV, sea floor   Raw m2a -0.14 0.08 

83 Land use III-IV   Raw m2a -0.14 0.58 

84 Land use IV-IV   Raw cm2a -15.05 331.50 

85 Lanthanum, 7.2% in bastnasite, 0.72% in crude ore, in 
ground 

Raw pg 0.00 0.00 

86 Lead, 5.0% in sulfide, Pb 3.0%, Zn, Ag, Cd, In, in ground Raw g -9.16 12.76 

87 Lead, in ground   Raw g -1.42 11.65 

88 Magnesite, 60% in crude ore, in ground   Raw g -94.89 68.57 

89 Magnesium, 0.13% in water   Raw mg -0.81 1.35 

90 Manganese, 35.7% in sedimentary deposit, 14.2% in crude 
ore, in ground 

Raw g -4.03 5.99 

91 Manganese, in ground   Raw mg -133.41 607.51 

92 Marl, in ground   Raw g -154.18 468.99 

93 Metamorphous rock, graphite containing, in ground Raw g -0.27 4.18 

94 Molybdenum, 0.010% in sulfide, Mo 8.2E-3% and Cu 1.83% 
in crude ore, in ground 

Raw mg -308.41 483.11 

95 Molybdenum, 0.014% in sulfide, Mo 8.2E-3% and Cu 0.81% 
in crude ore, in ground 

Raw mg -43.62 68.02 

96 Molybdenum, 0.022% in sulfide, Mo 8.2E-3% and Cu 0.36% 
in crude ore, in ground 

Raw g -1.41 2.08 

97 Molybdenum, 0.025% in sulfide, Mo 8.2E-3% and Cu 0.39% 
in crude ore, in ground 

Raw mg -159.84 249.26 

98 Molybdenum, 0.11% in sulfide, Mo 0.41% and Cu 0.36% in 
crude ore, in ground 

Raw pg -304.27 657.16 

99 Molybdenum, 0.11% in sulfide, Mo 4.1E-2% and Cu 0.36% in 
crude ore, in ground 

Raw g -2.84 4.20 

100 Molybdenum, in ground   Raw µg -11.15 35.77 

101 Neodymium, 4% in bastnasite, 0.4% in crude ore, in ground Raw pg 0.00 0.00 

102 Nickel, 1.13% in sulfide, Ni 0.76% and Cu 0.76% in crude 
ore, in ground 

Raw mg -115.75 502.22 

103 Nickel, 1.13% in sulfides, 0.76% in crude ore, in ground Raw pg -60.85 131.43 

104 Nickel, 1.98% in silicates, 1.04% in crude ore, in ground Raw g -86.55 115.11 

105 Nickel, in ground   Raw mg -201.20 844.35 

106 Occupation, arable   Raw m2a -1418.70 -50.61 

107 Occupation, arable, non-irrigated   Raw m2a -9.11 90.00 

108 Occupation, construction site   Raw m2a -0.11 0.48 

109 Occupation, dump site   Raw m2a -0.43 0.89 

110 Occupation, dump site, benthos   Raw m2a -0.18 0.01 

111 Occupation, forest, intensive   Raw m2a -1.20 2.61 

112 Occupation, forest, intensive, normal   Raw m2a -4.42 9.62 
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113 Occupation, forest, intensive, short-cycle Raw m2a 0.05 -0.99 

114 Occupation, industrial area   Raw m2a -0.46 0.51 

115 Occupation, industrial area, benthos   Raw cm2a -17.92 0.95 

116 Occupation, industrial area, built up   Raw m2a -0.15 0.34 

117 Occupation, industrial area, vegetation   Raw cm2a -268.62 781.00 

118 Occupation, mineral extraction site   Raw m2a -0.33 0.45 

119 Occupation, pasture and meadow, extensive Raw mm2a 0.00 0.00 

120 Occupation, permanent crop, fruit, intensive Raw cm2a -95.27 23.42 

121 Occupation, shrub land, sclerophyllous   Raw cm2a -43.59 58.86 

122 Occupation, traffic area, rail embankment Raw cm2a -185.14 408.65 

123 Occupation, traffic area, rail network   Raw cm2a -204.97 457.53 

124 Occupation, traffic area, road embankment Raw m2a -0.15 0.26 

125 Occupation, traffic area, road network   Raw m2a -0.49 0.71 

126 Occupation, urban, discontinuously built   Raw cm2a -78.23 889.70 

127 Occupation, water bodies, artificial   Raw m2a -0.21 0.15 

128 Occupation, water courses, artificial   Raw m2a -0.08 0.12 

129 Oil, crude, 42.6 MJ per kg, in ground   Raw kg -18.38 10.19 

130 Oil, crude, in ground   Raw kg -26.13 40.48 

131 Olivine, in ground   Raw mg -0.87 1.86 

132 Palladium, in ground   Raw µg -1.97 4.13 

133 Pd, Pd 2.0E-4%, Pt 4.8E-4%, Rh 2.4E-5%, Ni 3.7E-2%, Cu 
5.2E-2% in ore, in ground 

Raw µg -41.94 82.13 

134 Pd, Pd 7.3E-4%, Pt 2.5E-4%, Rh 2.0E-5%, Ni 2.3E+0%, Cu 
3.2E+0% in ore, in ground 

Raw µg -100.79 197.37 

135 Peat, in ground   Raw g -2.41 2.44 

136 Perlite   Raw mg -286.27 618.27 

137 Perlite, in ground   Raw kg -0.40 9.06 

138 PGM, 4.7E-4% Pt, 3.1E-4% Pd, 0.2E-4% Rh, in crude ore, in 
ground 

Raw pg 0.00 0.00 

139 Phosphate ore, in ground   Raw kg -27.34 -4.52 

140 Phosphorus, 18% in apatite, 12% in crude ore, in ground Raw g -20.75 263.89 

141 Phosphorus, 18% in apatite, 4% in crude ore, in ground Raw g -24.07 415.00 

142 Platinum, in ground   Raw µg -2.28 4.94 

143 Praseodymium, 0.42% in bastnasite, 0.042% in crude ore, in 
ground 

Raw pg 0.00 0.00 

144 Pt, Pt 2.5E-4%, Pd 7.3E-4%, Rh 2.0E-5%, Ni 2.3E+0%, Cu 
3.2E+0% in ore, in ground 

Raw µg -1.08 1.29 

145 Pt, Pt 4.8E-4%, Pd 2.0E-4%, Rh 2.4E-5%, Ni 3.7E-2%, Cu 
5.2E-2% in ore, in ground 

Raw µg -3.88 4.61 

146 Rh, Rh 2.0E-5%, Pt 2.5E-4%, Pd 7.3E-4%, Ni 2.3E+0%, Cu 
3.2E+0% in ore, in ground 

Raw ng -587.52 852.04 

147 Rh, Rh 2.4E-5%, Pt 4.8E-4%, Pd 2.0E-4%, Ni 3.7E-2%, Cu 
5.2E-2% in ore, in ground 

Raw µg -1.84 2.67 

148 Rhenium, in crude ore, in ground   Raw µg -0.91 1.40 

149 Rhenium, in ground   Raw µg -1.98 3.81 

150 Rhodium, in ground   Raw µg -2.10 4.44 

151 Rutile, in ground   Raw pg 0.00 0.00 

152 Samarium, 0.3% in bastnasite, 0.03% in crude ore, in ground Raw pg 0.00 0.00 

153 Sand, unspecified, in ground   Raw g -66.01 121.82 
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154 Shale, in ground   Raw mg -5.87 12.61 

155 Silver, 0.007% in sulfide, Ag 0.004%, Pb, Zn, Cd, In, in 
ground 

Raw mg -2.13 5.18 

156 Silver, 0.01% in crude ore, in ground   Raw pg -0.02 0.04 

157 Silver, 3.2ppm in sulfide, Ag 1.2ppm, Cu and Te, in crude 
ore, in ground 

Raw mg -1.52 3.69 

158 Silver, Ag 2.1E-4%, Au 2.1E-4%, in ore, in ground Raw µg -140.23 340.95 

159 Silver, Ag 4.2E-3%, Au 1.1E-4%, in ore, in ground Raw µg -320.27 778.69 

160 Silver, Ag 4.6E-5%, Au 1.3E-4%, in ore, in ground Raw µg -313.93 763.29 

161 Silver, Ag 9.7E-4%, Au 9.7E-4%, Zn 0.63%, Cu 0.38%, Pb 
0.014%, in ore, in ground 

Raw µg -207.14 503.63 

162 Silver, in ground   Raw mg -58.48 73.23 

163 Sodium chloride, in ground   Raw kg -2.21 23.87 

164 Sodium nitrate, in ground   Raw µg -0.56 1.29 

165 Sodium sulphate, various forms, in ground Raw g -7.33 151.18 

166 Stibnite, in ground   Raw µg -4.26 6.87 

167 Sulfur, in ground   Raw kg -1.85 0.31 

168 Sylvite, 25 % in sylvinite, in ground   Raw g -8.94 365.75 

169 Talc, in ground   Raw mg -65.66 347.81 

170 Tantalum, 81.9% in tantalite, 1.6E-4% in crude ore, in ground Raw mg -1.68 4.08 

171 Tellurium, 0.5ppm in sulfide, Te 0.2ppm, Cu and Ag, in crude 
ore, in ground 

Raw µg -227.86 553.95 

172 Tin, 79% in cassiterite, 0.1% in crude ore, in ground Raw mg -89.67 239.83 

173 Tin, in ground   Raw mg -32.45 40.63 

174 TiO2, 45-60% in Ilmenite,  in ground   Raw µg -21.73 46.94 

175 TiO2, 54% in ilmenite, 2.6% in crude ore, in ground Raw g -19.55 21.94 

176 TiO2, 95% in rutile, 0.40% in crude ore, in ground Raw µg -114.22 198.25 

177 Transformation, from arable   Raw mm2 -56.62 61.70 

178 Transformation, from arable, non-irrigated Raw m2 -14.73 156.55 

179 Transformation, from arable, non-irrigated, fallow Raw mm2 -7.99 14.23 

180 Transformation, from dump site, inert material landfill Raw mm2 -687.50 855.96 

181 Transformation, from dump site, residual material landfill Raw mm2 -176.09 310.56 

182 Transformation, from dump site, sanitary landfill Raw mm2 -6.21 7.23 

183 Transformation, from dump site, slag compartment Raw mm2 -1.72 2.92 

184 Transformation, from forest   Raw dm2 -19.68 3.99 

185 Transformation, from forest, extensive   Raw cm2 -389.47 853.90 

186 Transformation, from forest, intensive, clear-cutting Raw dm2 -1.27 27.37 

187 Transformation, from industrial area   Raw cm2 -34.44 0.82 

188 Transformation, from industrial area, benthos Raw mm2 -23.06 0.18 

189 Transformation, from industrial area, built up Raw mm2 -8.60 148.25 

190 Transformation, from industrial area, vegetation Raw mm2 -14.67 253.00 

191 Transformation, from mineral extraction site Raw cm2 -57.69 76.93 

192 Transformation, from pasture and meadow Raw cm2 -210.05 408.97 

193 Transformation, from pasture and meadow, intensive Raw dm2 -1.17 11.38 

194 Transformation, from sea and ocean   Raw dm2 -18.36 1.06 

195 Transformation, from shrub land, sclerophyllous Raw dm2 -2.52 51.39 
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196 Transformation, from tropical rain forest   Raw dm2 -1.27 27.37 

197 Transformation, from unknown   Raw cm2 -567.93 817.55 

198 Transformation, to arable   Raw cm2 -389.61 26.63 

199 Transformation, to arable, non-irrigated   Raw m2 -14.79 157.52 

200 Transformation, to arable, non-irrigated, fallow Raw mm2 -13.62 23.58 

201 Transformation, to dump site   Raw cm2 -34.48 71.42 

202 Transformation, to dump site, benthos   Raw dm2 -18.35 1.06 

203 Transformation, to dump site, inert material landfill Raw mm2 -687.50 855.96 

204 Transformation, to dump site, residual material landfill Raw mm2 -176.14 311.60 

205 Transformation, to dump site, sanitary landfill Raw mm2 -6.21 7.23 

206 Transformation, to dump site, slag compartment Raw mm2 -1.72 2.92 

207 Transformation, to forest   Raw cm2 -48.05 45.87 

208 Transformation, to forest, intensive   Raw cm2 -79.79 174.11 

209 Transformation, to forest, intensive, clear-cutting Raw dm2 -1.27 27.37 

210 Transformation, to forest, intensive, normal Raw cm2 -303.98 669.91 

211 Transformation, to forest, intensive, short-cycle Raw cm2 18.16 -352.90 

212 Transformation, to heterogeneous, agricultural Raw cm2 -97.33 19.87 

213 Transformation, to industrial area   Raw cm2 -89.79 105.87 

214 Transformation, to industrial area, benthos Raw mm2 -53.82 16.23 

215 Transformation, to industrial area, built up Raw cm2 -8.33 20.60 

216 Transformation, to industrial area, vegetation Raw cm2 -5.74 14.25 

217 Transformation, to mineral extraction site Raw dm2 -18.59 8.35 

218 Transformation, to pasture and meadow Raw cm2 -34.83 16.93 

219 Transformation, to permanent crop, fruit, intensive Raw mm2 -134.11 32.97 

220 Transformation, to sea and ocean   Raw mm2 -23.06 0.18 

221 Transformation, to shrub land, sclerophyllous Raw cm2 -8.72 11.77 

222 Transformation, to traffic area, rail embankment Raw mm2 -43.08 95.09 

223 Transformation, to traffic area, rail network Raw mm2 -47.48 107.35 

224 Transformation, to traffic area, road embankment Raw cm2 -6.40 12.56 

225 Transformation, to traffic area, road network Raw cm2 -18.57 25.46 

226 Transformation, to unknown   Raw mm2 -214.26 618.42 

227 Transformation, to urban, discontinuously built Raw cm2 -1.56 17.72 

228 Transformation, to water bodies, artificial Raw cm2 -82.44 92.67 

229 Transformation, to water courses, artificial Raw cm2 -7.83 11.02 

230 Ulexite, in ground   Raw mg -9.34 7.83 

231 Uranium, 560 GJ per kg, in ground   Raw mg -29.11 72.19 

232 Uranium, in ground   Raw mg -473.06 383.38 

233 Vermiculite, in ground   Raw mg -7.75 15.69 

234 Volume occupied, final repository for low-active radioactive 
waste 

Raw mm3 -968.58 777.12 

235 Volume occupied, final repository for radioactive waste Raw mm3 -239.70 188.12 

236 Volume occupied, reservoir   Raw m3d -694.26 307.32 

237 Volume occupied, underground deposit   Raw ml -24.31 11.26 

238 water (in ground)   Raw m3 -22.67 20.51 
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239 Water, cooling, unspecified natural origin/m3 Raw m3 -4.90 7.77 

240 Water, lake   Raw l -8.11 16.44 

241 Water, river   Raw l -420.50 371.14 

242 Water, salt, ocean   Raw l -571.60 32.20 

243 Water, salt, sole   Raw l -18.44 26.15 

244 Water, turbine use, unspecified natural origin Raw m3 -309.00 303.67 

245 Water, unspecified natural origin/kg   Raw kg -183.16 230.46 

246 Water, unspecified natural origin/m3   Raw m3 -0.53 1.85 

247 Water, well, in ground   Raw l -149.02 257.99 

248 Wood, dry matter   Raw g -14.32 142.38 

249 Wood, hard, standing   Raw l -1.07 1.84 

250 Wood, primary forest, standing   Raw l -0.17 3.66 

251 Wood, soft, standing   Raw l -1.58 2.69 

252 Wood, unspecified, standing/m3   Raw mm3 -8.33 10.38 

253 Zinc 9%, Lead 5%, in sulfide, in ground   Raw ng -16.52 35.67 

254 Zinc, 9.0% in sulfide, Zn 5.3%, Pb, Ag, Cd, In, in ground Raw g -13.38 29.13 

255 Zinc, in ground   Raw mg -34.48 150.19 

256 Zirconium, 50% in zircon, 0.39% in crude ore, in ground Raw mg -2.29 5.61 

257 1-Propanol   Air ng -860.67 675.60 

258 1,4-Butanediol   Air µg -0.56 1.36 

259 2-Propanol   Air mg -10.39 25.43 

260 Acenaphthene   Air ng -79.25 158.94 

261 Acetaldehyde   Air g -0.53 2.08 

262 Acetic acid   Air g -4.09 10.45 

263 Acetone   Air g -0.10 1.58 

264 Acetonitrile   Air mg -17.91 384.28 

265 Acrolein   Air mg -0.28 16.37 

266 Acrylic acid   Air µg -26.88 65.79 

267 Actinides, radioactive, unspecified   Air mBq -9.90 43.47 

268 Aerosols, radioactive, unspecified   Air mBq -190.99 141.33 

269 Aldehydes, unspecified   Air mg -0.98 1.42 

270 Aluminum   Air g -7.25 16.30 

271 Americium-241   Air µBq -223.57 559.13 

272 Ammonia   Air kg -1.63 0.11 

273 Ammonium carbonate   Air µg -59.35 33.23 

274 Antimony   Air mg -1.58 3.24 

275 Antimony-124   Air µBq -5.95 10.89 

276 Antimony-125   Air µBq -28.35 40.61 

277 Argon-41   Air Bq -131.45 135.36 

278 Arsenic   Air mg -13.05 30.82 

279 Arsine   Air pg -313.32 766.88 

280 Barium   Air mg -12.54 63.38 

281 Barium-140   Air mBq -1.86 2.63 

282 Benzal chloride   Air ng -0.07 7.47 



Comparative Life Cycle Assessment  Conventional Brewing and 100% Barley Brewing 
 

 
 

- 43 - 

283 Benzaldehyde   Air mg -0.10 5.60 

284 Benzene   Air g -10.44 2.47 

285 Benzene, ethyl-   Air mg -69.90 78.69 

286 Benzene, hexachloro-   Air µg -63.25 44.48 

287 Benzene, pentachloro-   Air µg -0.73 1.72 

288 Benzo(a)pyrene   Air mg -1.12 0.98 

289 Beryllium   Air µg -51.56 648.44 

290 Boron   Air mg -515.36 950.74 

291 Boron trifluoride   Air pg -2.34 5.72 

292 Bromine   Air mg -120.93 243.40 

293 Butadiene   Air ng -312.45 755.89 

294 Butane   Air g -25.56 3.93 

295 Butanol   Air ng -1.73 4.21 

296 Butene   Air mg -84.43 159.36 

297 Butyrolactone   Air ng -161.12 393.41 

298 Cadmium   Air mg -5.94 10.63 

299 Calcium   Air mg -144.16 772.65 

300 Carbon-14   Air Bq -858.68 726.46 

301 Carbon dioxide   Air kg -135.44 61.04 

302 Carbon dioxide, biogenic*   Air kg -1.35 1.40 

303 Carbon dioxide, fossil   Air kg -1690.00 399.12 

304 Carbon dioxide, land transformation*   Air kg -0.21 4.56 

305 Carbon disulfide   Air mg -288.39 452.91 

306 Carbon monoxide   Air g -254.20 69.55 

307 Carbon monoxide, biogenic   Air g -5.45 10.79 

308 Carbon monoxide, fossil   Air g -598.58 615.55 

309 Cerium-141   Air µBq -440.87 589.53 

310 Cerium-144   Air mBq -2.38 5.95 

311 Cesium-134   Air mBq -8.51 21.15 

312 Cesium-137   Air mBq -16.79 41.42 

313 Chlorine   Air mg -140.91 754.02 

314 Chloroform   Air µg -35.89 84.37 

315 Chlorosilane, trimethyl-   Air µg -0.48 1.18 

316 Chromium   Air mg -55.99 124.64 

317 Chromium-51   Air µBq -70.33 137.56 

318 Chromium VI   Air mg -1.24 3.21 

319 Cobalt   Air mg -5.52 9.80 

320 Cobalt-57   Air nBq -20.44 41.34 

321 Cobalt-58   Air µBq -376.99 744.97 

322 Cobalt-60   Air mBq -0.85 1.64 

323 Copper   Air mg -119.10 245.75 

324 Cumene   Air mg -15.77 20.92 

325 Curium-242   Air nBq -1.17 2.37 

326 Curium-244   Air nBq -10.62 21.53 
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327 Curium alpha   Air µBq -355.50 886.50 

328 Cyanide   Air mg -32.10 644.97 

329 Dinitrogen monoxide   Air kg -1.06 0.06 

330 Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin Air ng -102.40 95.15 

331 Ethane   Air g -120.12 6.20 

332 Ethane, 1,1-difluoro-, HFC-152a   Air µg -24.60 19.31 

333 Ethane, 1,1,1-trichloro-, HCFC-140   Air ng -95.61 421.27 

334 Ethane, 1,1,1,2-tetrafluoro-, HFC-134a   Air µg -23.98 25.17 

335 Ethane, 1,1,2-trichloro-1,2,2-trifluoro-, CFC-113 Air µg -1.28 3.12 

336 Ethane, 1,2-dichloro-   Air mg -2.59 10.76 

337 Ethane, 1,2-dichloro-1,1,2,2-tetrafluoro-, CFC-114 Air µg -612.25 918.18 

338 Ethane, dichloro-   Air µg -81.89 574.70 

339 Ethane, hexafluoro-, HFC-116   Air mg -1.70 3.38 

340 Ethanol   Air mg -23.16 70.36 

341 Ethene   Air g -1.07 8.41 

342 Ethene, chloro-   Air mg -1.12 1.42 

343 Ethene, tetrachloro-   Air µg -0.24 1.85 

344 Ethyl acetate   Air mg -48.27 118.01 

345 Ethyl cellulose   Air µg -97.58 238.85 

346 Ethylene diamine   Air ng -240.57 370.61 

347 Ethylene oxide   Air µg -293.04 277.10 

348 Ethyne   Air g -0.06 1.07 

349 Fluorine   Air mg -2.18 3.02 

350 Fluosilicic acid   Air mg -1.79 3.19 

351 Formaldehyde   Air g -3.91 3.90 

352 Formic acid   Air g -0.12 2.57 

353 Furan   Air mg -34.02 729.78 

354 Halogenated hydrocarbons, chlorinated   Air pg -0.35 0.77 

355 Heat, waste   Air GJ -31.04 4.45 

356 Helium   Air g -1.41 0.91 

357 Heptane   Air mg -676.72 744.80 

358 Hexane   Air g -1.52 1.81 

359 Hydrocarbons, aliphatic, alkanes, cyclic   Air µg -339.86 462.22 

360 Hydrocarbons, aliphatic, alkanes, unspecified Air g -8.70 2.25 

361 Hydrocarbons, aliphatic, alkenes, unspecified Air mg -4.05 128.33 

362 Hydrocarbons, aliphatic, unsaturated   Air mg -317.16 570.92 

363 Hydrocarbons, aromatic   Air g -3.98 1.11 

364 Hydrocarbons, chlorinated   Air mg -3.93 64.19 

365 Hydrogen   Air mg -496.77 658.25 

366 Hydrogen-3, Tritium   Air kBq -4.81 3.93 

367 Hydrogen chloride   Air g -11.13 26.83 

368 Hydrogen fluoride   Air g -3.48 6.55 

369 Hydrogen peroxide   Air µg -72.32 176.93 

370 Hydrogen sulfide   Air g -17.84 0.22 
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371 Iodine   Air mg -32.90 64.61 

372 Iodine-129   Air mBq -879.50 786.25 

373 Iodine-131   Air Bq -41.60 32.44 

374 Iodine-133   Air mBq -7.26 16.77 

375 Iodine-135   Air mBq -8.39 24.03 

376 Iron   Air g -0.19 1.70 

377 Iron-59   Air nBq -462.76 936.25 

378 Isocyanic acid   Air µg -528.04 714.28 

379 Isoprene   Air mg -1.58 33.87 

380 Krypton-85   Air kBq -1099.88 2752.18 

381 Krypton-85m   Air Bq -32.85 51.88 

382 Krypton-87   Air Bq -10.43 15.09 

383 Krypton-88   Air Bq -62.38 121.13 

384 Krypton-89   Air Bq -3.99 8.67 

385 Lanthanum   Air µg -15.81 619.16 

386 Lanthanum-140   Air µBq -184.74 285.20 

387 Lead   Air mg -81.78 169.45 

388 Lead-210   Air Bq -6.09 30.23 

389 m-Xylene   Air mg -1.22 1.23 

390 Magnesium   Air g -0.10 1.38 

391 Manganese   Air mg -25.22 52.92 

392 Manganese-54   Air µBq -26.56 45.54 

393 Mercury   Air mg -14.15 12.34 

394 Methane   Air g -364.60 110.34 

395 Methane, biogenic   Air g -0.83 -18.87 

396 Methane, bromo-, Halon 1001   Air ng -0.02 1.71 

397 Methane, bromochlorodifluoro-, Halon 1211 Air mg -37.12 0.29 

398 Methane, bromotrifluoro-, Halon 1301   Air mg -8.21 5.67 

399 Methane, chlorodifluoro-, HCFC-22   Air mg -127.51 1.26 

400 Methane, chlorotrifluoro-, CFC-13   Air µg -1.24 2.99 

401 Methane, dichloro-, HCC-30   Air µg -7.63 22.54 

402 Methane, dichlorodifluoro-, CFC-12   Air µg -166.38 796.83 

403 Methane, dichlorofluoro-, HCFC-21   Air mg -4.70 23.80 

404 Methane, fossil   Air kg -4.40 1.37 

405 Methane, monochloro-, R-40   Air mg -0.46 10.43 

406 Methane, tetrachloro-, CFC-10   Air mg -0.24 1.07 

407 Methane, tetrafluoro-, CFC-14   Air mg -13.75 24.56 

408 Methane, tetrafluoro-, FC-14   Air mg -0.79 3.93 

409 Methane, trichlorofluoro-, CFC-11   Air µg -9.21 22.17 

410 Methane, trifluoro-, HFC-23   Air µg -2.78 6.99 

411 Methanol   Air g -0.34 5.71 

412 Methyl acrylate   Air µg -30.50 74.65 

413 Methyl amine   Air ng -58.08 141.81 

414 Methyl borate   Air pg -10.30 25.20 
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415 Methyl ethyl ketone   Air mg -48.27 118.01 

416 Methyl formate   Air ng -118.27 289.51 

417 Molybdenum   Air mg -1.87 4.63 

418 Monoethanolamine   Air mg -1.62 3.82 

419 Neptunium-237   Air nBq -11.71 29.31 

420 Nickel   Air mg -92.10 160.83 

421 Niobium-95   Air µBq -3.86 7.09 

422 Nitrate   Air µg -315.08 559.76 

423 Nitrogen   Air g -0.73 1.44 

424 Nitrogen oxides   Air kg -2.56 1.40 

425 NMVOC, non-methane volatile organic compounds, 
unspecified origin 

Air g -724.52 255.91 

426 Noble gases, radioactive, unspecified   Air kBq -7838.00 6019.25 

427 Ozone   Air mg -321.86 217.52 

428 PAH, polycyclic aromatic hydrocarbons   Air mg -254.89 30.37 

429 Paraffins   Air ng -31.74 50.80 

430 Particulates   Air g -64.63 -1.62 

431 Particulates, < 10 um   Air mg -0.03 1.51 

432 Particulates, < 10 um (mobile)   Air g -1.15 6.65 

433 Particulates, < 10 um (stationary)   Air g -4.12 4.00 

434 Particulates, < 2.5 um   Air g -47.54 75.96 

435 Particulates, > 10 um   Air g -179.02 325.21 

436 Particulates, > 10 um (process)   Air g -2.38 21.77 

437 Particulates, > 2.5 um, and < 10um   Air g -30.87 38.51 

438 Particulates, diesel soot   Air g -40.59 -1.41 

439 Particulates, unspecified   Air g -4.13 -0.59 

440 Pentane   Air g -32.44 5.08 

441 Phenol   Air mg -3.54 21.26 

442 Phenol, pentachloro-   Air µg -212.27 152.88 

443 Phosphine   Air ng -23.23 56.87 

444 Phosphorus   Air mg -4.83 14.48 

445 Phosphorus, total   Air mg -1.08 19.69 

446 Platinum   Air µg -5.75 28.29 

447 Plutonium-238   Air nBq -137.71 138.93 

448 Plutonium-241   Air mBq -19.53 48.78 

449 Plutonium-alpha   Air mBq -0.71 1.77 

450 Polonium-210   Air Bq -10.59 52.07 

451 Polychlorinated biphenyls   Air µg -108.35 78.49 

452 Potassium   Air mg -301.47 808.27 

453 Potassium-40   Air Bq -2.88 9.73 

454 Promethium-147   Air mBq -6.04 15.08 

455 Propanal   Air µg -9.56 26.84 

456 Propane   Air g -43.46 6.60 

457 Propene   Air g -0.33 3.70 

458 Propionic acid   Air mg -475.30 8.63 
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459 Propylene oxide   Air mg -13.97 478.28 

460 Protactinium-234   Air mBq -122.67 112.53 

461 Radioactive species, other beta emitters   Air Bq -65.77 106.05 

462 Radium-226   Air Bq -5.88 17.54 

463 Radium-228   Air Bq -1.75 12.96 

464 Radon-220   Air Bq -334.08 600.23 

465 Radon-222   Air kBq -16860.4 16222.98 

466 Ruthenium-103   Air nBq -500.19 910.69 

467 Ruthenium-106   Air mBq -70.95 177.25 

468 Scandium   Air µg -38.21 422.19 

469 Selenium   Air mg -9.94 21.42 

470 Silicates, unspecified   Air mg -79.72 83.75 

471 Silicon   Air g -0.44 6.48 

472 Silicon tetrafluoride   Air mg -16.81 316.33 

473 Silver   Air µg -3.98 3.17 

474 Silver-110   Air µBq -15.65 29.78 

475 Sodium   Air mg -94.81 365.97 

476 Sodium chlorate   Air mg -1.01 1.44 

477 Sodium dichromate   Air µg -334.05 110.73 

478 Sodium formate   Air µg -13.22 160.33 

479 Sodium hydroxide   Air µg -269.65 659.87 

480 Strontium   Air mg -9.01 81.25 

481 Strontium-89   Air µBq -21.21 46.56 

482 Strontium-90   Air mBq -11.71 29.31 

483 Styrene   Air µg -164.59 284.37 

484 Sulfate   Air g -1.66 15.62 

485 Sulfur dioxide   Air kg -1.07 0.68 

486 Sulfur hexafluoride   Air mg -4.38 2.54 

487 Sulfur oxides   Air g -64.39 231.53 

488 Sulfuric acid   Air µg -56.48 138.13 

489 t-Butyl methyl ether   Air µg -189.81 719.13 

490 Technetium-99   Air µBq -0.50 1.24 

491 Tellurium-123m   Air µBq -53.13 107.56 

492 Terpenes   Air mg -14.93 320.23 

493 Thallium   Air µg -63.86 497.42 

494 Thorium   Air µg -55.39 740.08 

495 Thorium-228   Air Bq -0.41 2.57 

496 Thorium-230   Air Bq -0.94 7.10 

497 Thorium-232   Air Bq -0.53 2.21 

498 Thorium-234   Air mBq -122.69 112.55 

499 Tin   Air mg -2.18 3.49 

500 Titanium   Air mg -11.71 138.11 

501 Toluene   Air g -5.36 1.74 

502 Uranium   Air µg -63.39 849.23 
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503 Uranium-234   Air Bq -1.86 7.85 

504 Uranium-235   Air mBq -69.27 62.53 

505 Uranium-238   Air Bq -2.93 13.42 

506 Uranium alpha   Air Bq -6.53 5.67 

507 Vanadium   Air mg -172.75 324.12 

508 VOC, volatile organic compounds   Air mg -3.68 69.38 

509 water   Air g -10.73 19.15 

510 Xenon-131m   Air Bq -50.20 73.27 

511 Xenon-133   Air kBq -2.38 3.77 

512 Xenon-133m   Air Bq -4.99 4.95 

513 Xenon-135   Air Bq -783.69 1236.60 

514 Xenon-135m   Air Bq -407.09 585.16 

515 Xenon-137   Air Bq -10.03 15.12 

516 Xenon-138   Air Bq -81.99 131.85 

517 Xylene   Air g -1.56 2.78 

518 Zinc   Air mg -248.76 672.36 

519 Zinc-65   Air µBq -124.97 255.23 

520 Zirconium   Air µg -121.50 104.97 

521 Zirconium-95   Air µBq -71.21 95.60 

522 1,4-Butanediol   Water ng -222.72 543.80 

523 4-Methyl-2-pentanone   Water µg -0.40 44.32 

524 Acenaphthene   Water µg -9.26 13.82 

525 Acenaphthylene   Water mg -3.29 4.60 

526 Acetaldehyde   Water µg -319.73 781.80 

527 Acetic acid   Water mg -3.83 5.50 

528 Acetone   Water µg -0.95 105.64 

529 Acidity, unspecified   Water mg -5.34 7.23 

530 Acids, unspecified   Water mg -0.65 2.36 

531 Acrylate, ion   Water µg -63.62 155.71 

532 Actinides, radioactive, unspecified   Water Bq -1.32 1.02 

533 Aluminum   Water g -47.39 76.26 

534 Americium-241   Water mBq -29.41 73.63 

535 Ammonia, as N   Water g -1.52 0.70 

536 Ammonium, ion   Water g -1.27 3.57 

537 Antimony   Water mg -26.09 49.13 

538 Antimony-122   Water mBq -1.26 3.59 

539 Antimony-124   Water mBq -261.81 274.62 

540 Antimony-125   Water mBq -223.23 205.86 

541 AOX, Adsorbable Organic Halogen as Cl   Water mg -37.86 62.55 

542 Arsenic, ion   Water mg -65.47 157.45 

543 Barite   Water g -130.68 16.20 

544 Barium   Water g -4.28 8.19 

545 Barium-140   Water mBq -4.90 8.45 

546 Benzene   Water mg -259.55 278.41 
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547 Benzene, 1,2-dichloro-   Water µg -74.88 182.83 

548 Benzene, chloro-   Water mg -1.55 3.78 

549 Benzene, ethyl-   Water mg -57.72 66.10 

550 Beryllium   Water mg -4.26 5.13 

551 BOD5, Biological Oxygen Demand   Water g -320.03 439.11 

552 Boron   Water mg -804.04 821.36 

553 Bromate   Water mg -22.81 106.93 

554 Bromine   Water g -1.12 3.94 

555 Butanol   Water µg -175.14 428.23 

556 Butene   Water µg -51.08 126.49 

557 Butyl acetate   Water µg -227.68 556.69 

558 Butyrolactone   Water ng -386.70 944.21 

559 Cadmium-109   Water µBq -1.04 12.43 

560 Cadmium, ion   Water mg -11.36 31.01 

561 Calcium, ion   Water kg -0.38 2.32 

562 Carbon-14   Water Bq -1.49 3.73 

563 Carbonate   Water mg -57.55 84.80 

564 Carboxylic acids, unspecified   Water g -7.50 9.24 

565 Cerium-141   Water mBq -1.91 2.84 

566 Cerium-144   Water Bq -0.68 1.69 

567 Cesium   Water mg -2.41 2.72 

568 Cesium-134   Water Bq -1.69 3.91 

569 Cesium-136   Water µBq -335.85 458.65 

570 Cesium-137   Water Bq -166.62 152.44 

571 Chlorate   Water mg -200.80 847.27 

572 Chloride   Water kg -5.19 8.93 

573 Chlorinated solvents, unspecified   Water mg -0.24 2.32 

574 Chlorine   Water mg -7.50 11.03 

575 Chloroform   Water µg -29.34 189.48 

576 Chromium   Water mg -16.19 13.61 

577 Chromium-51   Water mBq -442.63 571.78 

578 Chromium VI   Water g -1.20 0.85 

579 Chromium, ion   Water mg -35.16 382.10 

580 Cobalt   Water mg -167.97 242.40 

581 Cobalt-57   Water mBq -10.81 16.40 

582 Cobalt-58   Water Bq -2.70 3.65 

583 Cobalt-60   Water Bq -8.65 19.63 

584 COD, Chemical Oxygen Demand   Water g -384.27 504.30 

585 Copper, ion   Water mg -294.44 481.91 

586 Cumene   Water mg -37.91 50.27 

587 Curium alpha   Water mBq -39.02 97.65 

588 Cyanide   Water mg -38.62 52.97 

589 Dichromate   Water mg -1.19 0.30 

590 DOC, Dissolved Organic Carbon   Water g -121.73 155.46 
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591 Ethane, 1,1,1-trichloro-, HCFC-140   Water µg -1.60 13.10 

592 Ethane, 1,2-dichloro-   Water mg -1.32 20.34 

593 Ethane, dichloro-   Water µg -42.16 295.23 

594 Ethane, hexachloro-   Water ng -0.94 6.55 

595 Ethanol   Water µg -402.99 985.33 

596 Ethene   Water mg -14.38 17.03 

597 Ethene, chloro-   Water µg -15.35 43.25 

598 Ethene, tetrachloro-   Water ng -111.07 779.18 

599 Ethene, trichloro-   Water µg -7.02 49.22 

600 Ethyl acetate   Water ng -27.48 67.23 

601 Ethylene diamine   Water ng -583.20 898.45 

602 Ethylene oxide   Water µg -30.41 74.24 

603 Fatty acids as C   Water g -4.66 2.49 

604 Fluoride   Water g -6.10 18.16 

605 Fluosilicic acid   Water mg -3.21 5.74 

606 Formaldehyde   Water mg -3.12 18.13 

607 Glutaraldehyde   Water mg -16.13 2.00 

608 Heat, waste   Water MJ -206.73 312.13 

609 Hydrocarbons, aliphatic, alkanes, unspecified Water mg -313.10 353.12 

610 Hydrocarbons, aliphatic, alkenes, unspecified Water mg -11.04 5.93 

611 Hydrocarbons, aliphatic, unsaturated   Water mg -17.86 26.67 

612 Hydrocarbons, aromatic   Water g -1.50 1.48 

613 Hydrocarbons, unspecified   Water g -2.16 0.17 

614 Hydrogen-3, Tritium   Water kBq -393.86 379.01 

615 Hydrogen peroxide   Water mg -3.93 8.44 

616 Hydrogen sulfide   Water mg -119.74 76.53 

617 Hydroxide   Water mg -2.02 4.90 

618 Hypochlorite   Water mg -21.74 21.00 

619 Hypochlorous acid   Water mg -4.68 9.54 

620 Iodide   Water mg -242.55 275.40 

621 Iodine-129   Water Bq -4.27 10.65 

622 Iodine-131   Water mBq -49.92 56.12 

623 Iodine-133   Water mBq -3.79 13.80 

624 Iron   Water g -1.36 7.56 

625 Iron-59   Water mBq -0.82 1.13 

626 Iron, ion   Water g -39.64 32.27 

627 Lanthanum-140   Water mBq -5.06 7.16 

628 Lead   Water mg -129.71 436.98 

629 Lead-210   Water Bq -132.34 1541.20 

630 Lithium, ion   Water g -0.10 11.36 

631 m-Xylene   Water µg -2.88 320.25 

632 Magnesium   Water g -33.33 66.98 

633 Manganese   Water g -0.91 1.10 

634 Manganese-54   Water Bq -1.16 2.70 
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635 Mercury   Water mg -2.93 2.65 

636 Methane, dichloro-, HCC-30   Water mg -106.11 27.75 

637 Methane, tetrachloro-, CFC-10   Water µg -0.17 1.19 

638 Methanol   Water mg -500.86 11.82 

639 Methyl acrylate   Water mg -0.60 1.46 

640 Methyl amine   Water ng -139.39 340.34 

641 Methyl formate   Water ng -47.22 115.59 

642 Molybdenum   Water mg -35.77 95.78 

643 Molybdenum-99   Water mBq -1.75 2.46 

644 Neptunium-237   Water mBq -1.88 4.70 

645 Nickel, ion   Water g -1.15 1.25 

646 Niobium-95   Water mBq -19.78 18.01 

647 Nitrate   Water kg -28.97 0.78 

648 Nitrite   Water mg -126.70 156.50 

649 Nitrogen   Water g -0.67 3.71 

650 Nitrogen, organic bound   Water mg -642.87 501.00 

651 Nitrogen, total   Water g -2.01 0.90 

652 o-Xylene   Water µg -2.09 233.27 

653 Oils, unspecified   Water g -109.45 124.71 

654 PAH, polycyclic aromatic hydrocarbons   Water mg -20.81 19.30 

655 Paraffins   Water ng -92.13 147.43 

656 Phenol   Water mg -143.16 217.08 

657 Phenols, unspecified   Water mg -114.30 63.34 

658 Phosphate   Water g -107.73 36.16 

659 Phosphorus   Water g -0.35 4.39 

660 Phosphorus compounds, unspecified   Water µg -457.98 295.31 

661 Phthalate, dioctyl-   Water ng -15.86 125.43 

662 Phthalate, p-dibutyl-   Water ng -333.48 465.56 

663 Phthalate, p-dimethyl-   Water µg -2.10 2.93 

664 Plutonium-241   Water Bq -0.09 4.51 

665 Plutonium-alpha   Water mBq -117.13 293.09 

666 Polonium-210   Water Bq -189.33 2327.09 

667 Potassium   Water g -4.86 8.30 

668 Potassium-40   Water Bq -43.20 230.64 

669 Potassium, ion   Water g -15.71 24.39 

670 Propene   Water mg -40.31 907.94 

671 Propylene oxide   Water g -0.03 1.15 

672 Protactinium-234   Water Bq -2.26 2.04 

673 Radioactive species, alpha emitters   Water Bq -0.24 3.82 

674 Radioactive species, from fission and activation Water mBq -87.52 177.16 

675 Radioactive species, Nuclides, unspecified Water Bq -795.02 611.24 

676 Radium-224   Water Bq -120.25 135.54 

677 Radium-226   Water kBq -2.21 4.36 

678 Radium-228   Water Bq -240.82 290.86 
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679 Rubidium   Water mg -14.96 22.29 

680 Ruthenium   Water mg -9.19 4.94 

681 Ruthenium-103   Water mBq -0.43 1.21 

682 Ruthenium-106   Water Bq -7.09 17.73 

683 Salts, unspecified   Water g -1.52 3.31 

684 Scandium   Water mg -9.84 22.32 

685 Selenium   Water mg -15.03 111.49 

686 Silicon   Water g -431.47 582.81 

687 Silver   Water µg -561.67 326.36 

688 Silver-110   Water Bq -2.08 2.38 

689 Silver, ion   Water mg -1.61 24.29 

690 Sodium-24   Water mBq -18.65 83.75 

691 Sodium formate   Water µg -31.77 385.17 

692 Sodium, ion   Water kg -0.88 1.63 

693 Solids, inorganic   Water kg -0.14 1.47 

694 Solved solids   Water g -17.50 494.71 

695 Solved substances   Water g -0.40 8.43 

696 Strontium   Water g -9.07 8.93 

697 Strontium-89   Water mBq -40.34 50.66 

698 Strontium-90   Water Bq -1149.81 896.58 

699 Sulfate   Water kg -0.35 1.65 

700 Sulfide   Water mg -33.15 18.27 

701 Sulfite   Water g -1.27 0.11 

702 Sulfur   Water g -0.46 2.75 

703 Sulfur trioxide   Water mg -3.70 18.47 

704 Suspended solids, unspecified   Water g -409.61 32.94 

705 t-Butyl methyl ether   Water mg -2.32 3.57 

706 Technetium-99   Water Bq -0.75 1.86 

707 Technetium-99m   Water mBq -40.03 54.27 

708 Tellurium-123m   Water mBq -23.81 18.27 

709 Tellurium-132   Water µBq -103.45 171.21 

710 Thallium   Water mg -0.73 1.72 

711 Thorium-228   Water Bq -482.56 560.71 

712 Thorium-230   Water Bq -311.03 284.22 

713 Thorium-232   Water Bq -5.61 9.24 

714 Thorium-234   Water Bq -2.26 2.04 

715 Tin, ion   Water mg -21.26 23.02 

716 Titanium, ion   Water g -2.90 5.51 

717 TOC, Total Organic Carbon   Water g -141.68 193.97 

718 Toluene   Water mg -287.51 348.78 

719 Tributyltin   Water mg -0.84 1.38 

720 Tributyltin compounds   Water mg -3.20 5.10 

721 Triethylene glycol   Water mg -458.43 84.89 

722 Tungsten   Water mg -6.98 11.13 
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723 Undissolved substances   Water g -50.71 30.25 

724 Uranium-234   Water Bq -2.73 2.49 

725 Uranium-235   Water Bq -4.48 4.03 

726 Uranium-238   Water Bq -74.16 794.64 

727 Uranium alpha   Water Bq -131.25 119.80 

728 Vanadium, ion   Water mg -404.66 514.83 

729 VOC, volatile organic compounds as C   Water mg -321.29 170.94 

730 VOC, volatile organic compounds, unspecified origin Water mg -526.11 782.08 

731 Xylene   Water mg -238.17 278.57 

732 Yttrium-90   Water µBq -20.75 248.24 

733 Zinc-65   Water mBq -189.46 377.28 

734 Zinc, ion   Water g -8.89 5.56 

735 Zirconium-95   Water mBq -62.44 153.82 

736 Mineral waste, from mining   Waste µg -68.78 148.55 

737 2,4-D   Soil g -0.07 1.45 

738 Aclonifen   Soil mg -3.98 83.58 

739 Aldrin   Soil µg -0.69 1.69 

740 Aluminum   Soil g -5.04 1.77 

741 Antimony   Soil ng -64.30 163.89 

742 Arsenic   Soil mg -2.00 0.67 

743 Atrazine   Soil mg -430.01 964.58 

744 Barium   Soil g -1.95 0.45 

745 Benomyl   Soil µg 4.22 -82.05 

746 Bentazone   Soil mg -2.03 42.66 

747 Boron   Soil mg -47.02 11.13 

748 Cadmium   Soil mg -1.25 -69.61 

749 Calcium   Soil g -20.31 7.01 

750 Carbetamide   Soil mg -2.79 31.81 

751 Carbofuran   Soil mg 2.31 -44.98 

752 Carbon   Soil g -16.55 9.05 

753 Chloride   Soil g -110.17 145.80 

754 Chlorothalonil   Soil mg -55.98 563.71 

755 Chromium   Soil mg -36.03 -379.45 

756 Chromium VI   Soil mg -45.64 11.53 

757 Cobalt   Soil µg -53.69 84.83 

758 Copper   Soil g -0.03 -3.11 

759 Cypermethrin   Soil mg 0.21 -5.17 

760 Diflubenzuron   Soil g -0.05 1.05 

761 Dinoseb   Soil pg -0.02 0.05 

762 Endosulfan   Soil mg -10.28 218.51 

763 Ethofumesate   Soil g -0.02 2.85 

764 Fenpiclonil   Soil mg -2.22 10.24 

765 Fenpropimorph   Soil mg -6.73 807.46 

766 Fluoride   Soil mg -225.59 53.19 
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767 Glyphosate   Soil mg -162.35 293.25 

768 Heat, waste   Soil MJ -9.72 2.16 

769 Iron   Soil g -12.94 10.34 

770 Lead   Soil mg -10.04 -43.75 

771 Linuron   Soil µg -357.42 583.61 

772 Magnesium   Soil g -3.16 0.80 

773 Mancozeb   Soil mg -68.62 242.74 

774 Manganese   Soil mg -225.27 87.21 

775 Mercury   Soil mg -0.32 -21.12 

776 Metaldehyde   Soil mg -4.64 440.87 

777 Metamitron   Soil g -0.09 10.87 

778 Metolachlor   Soil mg -386.99 866.49 

779 Metribuzin   Soil mg -2.42 8.55 

780 Molybdenum   Soil µg -7.89 34.89 

781 Monocrotophos   Soil mg -6.06 128.76 

782 Napropamide   Soil mg -1.86 18.06 

783 Nickel   Soil mg -6.08 -162.85 

784 Nitrogen   Soil µg -971.87 536.15 

785 Oils, biogenic   Soil mg -44.69 103.91 

786 Oils, unspecified   Soil g -77.42 120.82 

787 Orbencarb   Soil mg -13.05 46.15 

788 Phenmedipham   Soil g -0.02 1.99 

789 Phosphorus   Soil mg -209.70 81.40 

790 Phosphorus, total   Soil mg -53.02 9.72 

791 Pirimicarb   Soil mg -0.19 4.04 

792 Potassium   Soil g -1.43 0.38 

793 Silicon   Soil mg -516.56 373.29 

794 Silver   Soil pg -0.03 0.07 

795 Sodium   Soil g -7.97 2.09 

796 Strontium   Soil mg -39.01 9.17 

797 Sulfur   Soil g -3.01 1.07 

798 Sulfuric acid   Soil ng -34.85 85.30 

799 Tebutam   Soil mg -4.40 42.79 

800 Teflubenzuron   Soil µg -161.09 569.79 

801 Thiram   Soil µg 7.49 -145.56 

802 Tin   Soil µg -13.00 129.55 

803 Titanium   Soil mg -1.80 1.50 

804 Vanadium   Soil µg -51.45 42.80 

805 Zinc   Soil g -0.46 -6.18 

806 Arable land use, soy bean, Brazil   Non mat. m2a -0.26 3.01 

807 Pu241 beta   Non mat. Bq -2.83 2.77 
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Appendix 9: Review Statement 
 
See next pages 
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Introduction and definition of tasks 

Background 
Novozymes A/S authorised Anders Schmidt, FORCE Technology to perform a critical review 
according to ISO 14040ff on a LCA, “Comparative Life Cycle Assessment of Malt-based Beer and 
100% Barley Beer”. The main author of the study is Jesper Kløverpris, Novozymes A/S. 
The study was conducted during the second half of 2008 and the first half of 2009 with the final 
report being received by the reviewer at the end of July. 
 

Relevant documents 
Relevant documents for the review process are: 
 

• ISO 14040 (2006). Environmental Management. Life cycle assessment – Principles and 
framework 

• ISO 14044 (2006). Environmental Management. Life cycle assessment. Requirements 
and guidelines. 

• Novozymes document “Critical review of LCA studies” (QM-KI-0005, version 1.0) 
 

Goal and scope of the critical review 
According to ISO 14044 (§ 6.1) the critical review shall ensure that 
 

- the methods used to carry out the LCA are consistent with the International 
- Standards ISO 14040ff. 
- the methods used to carry out the LCA are scientifically and technically valid ; 
- the data used are appropriate and reasonable in relation to the goal of the study ; 
- the interpretations reflect the limitations identified and the goal of the study ; 
- the report is transparent and consistent. 

 
According to the internal Novozymes requirements for a critical review of LCA-studies 
performed by Novozymes, the critical reviewer must address the following aspects: 
 

- Purpose of the study (is the purpose, application and target group of the 
- study clearly defined and is it meaningfull?) 
- Methodology (is the applied methodology clearly described and appropriate 
- and in agreement with ISO Standards?) 
- Scope definition (is the scope of the study clearly described and appropriate?) 
- Data quality (are data applied clearly described and appropriate?) 
- Sensitivity analysis (are sensitivity analysis clearly described and appropriate?). 
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- Interpretation and conclusions (are interpretations and conclusions clear and 
reasonable when all aspects of the study are considered). 

 
A detailed checklist provided by Caspersen and Wenzel (2002) is suggested by Novozymes as 
an additional element in the review. Both the ISO standards, the internal Novozymes 
standard and the suggested checklist have been used in the current review, the latter to 
establish a structured overview. 
 

Procedure and overview 
The critical review is of the type “Critical review by internal or external experts” as described 
in § 6.2. of ISO 14044. The review process was divided into four activities in line with the 
requirements of Novozymes, i.e. 
 

- An initial meeting between the Author and the Reviewer (June 16, 2009). At this 
meeting the study details, including the first crude calculations were discussed.  

- A review of the draft report, dated June, 2008  
- A telephone meeting between the Author and the Reviewer, where the comments and 

recommendations to the draft final report were discussed 
- Preparation of the final review statement to be included in the report. 

 
Being a confidential report intended for internal use only, there are no formal requirements 
regarding conducting a critical review. It is, however, evident that the core results are 
intended for disclosure to the public when launching the enzyme Ondea Pro ® and a beer 
brand from Harboes Bryggeri without malt. The review therefore primarily ensures that the 
quality of the study is adequate for the given purpose. A more accessible publication is 
planned with breweries, NGO’s and policy makers being the main target groups.  
 

Evaluation of the study 

Goal and scope of the study 

Purpose of the study 
The basic purpose of the study is described clearly, i.e. to estimate ´the environmental 
implications of a shift from conventional brewing to 100% barley beer.  
 

Scope of the study 
The functional unit is clearly defined and measurable. It is also consistent with the alleged 
application of the results (marketing purposes).  
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The system boundaries are adequate for the purpose of the study. It is noted that some 
minor activities are omitted. The omissions are most probably of minor importance, and as 
their exclusion consistently favours the conventional brewing process an eventual inclusion 
will not change the conclusions of the study, but rather make these even more clear-cut. ISO 
14044 requires that cut-off criteria be defined. This is done in a qualitative way only (“any 
significant change must be included”).  
 
The impact categories addressed in the study are mostly global/regional of nature, i.e. 
neither impacts on human health and ecosystems nor generation of waste are addressed in 
quantitative terms. The missing (local) impacts may be of minor importance and/or they can 
only be calculated with a high degree of uncertainty, and the short qualitative discussion on 
the induced changes with respect to these impact categories are therefore judged to be 
sufficient in the given context.  
 
The report states that the method used for impact assessment calculations are derived from 
the “CML 2 baseline 2000” life cycle impact assessment method, which is well recognized 
internationally. The small amendments to the basic methods are well justified.  
 
The geographic, temporal and technological boundaries are sufficiently explained. It is noted 
that especially the geographic conditions have been investigated thoroughly in a range of 
sensitivity analyses, using data from other barley producing countries as well as other malting 
houses in European countries.  
 
The report in general provides very stringent information about the data used, e.g. whether 
and how they are measured, calculated or derived from databases. The study relies to a large 
extent on well-documented process-specific data from actors in the supply chain, and the 
overall impression of the data quality is that is good. It is, however, noted that the appraisal 
of the data quality by the authors is very short.  
 

Inventory modelling 
The functional unit is described in great detail with respect to in- and outputs in the affected 
processes. The quantitative and qualitative differences between the two process routes are 
also described in sufficient detail. The unit processes are described in short technical sections, 
focusing on the allegedly most important elements from an environmental point of view, 
including a discussion of which products are being displaced. 
 
The description of the production of Ondea Pro ® is very short in the report due to 
confidentiality reasons. The reviewer has, however, had access to documents showing the 
level of detail in the calculations, and it appears that this is absolutely adequate for the 
purpose of the study.  
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Most of the process-specific data have been derived from reports focusing on the same 
elements (primarily energy consumption and mass balances) that also are of main interest in 
a LCA study. Where necessary, additional calculations related to e.g. differences in quality of 
the wort have been included. For general processes the ecoinvent database as found in 
SimaPro LCA software has been used. Ecoinvent is recognized world-wide as being a high-
qualtity database with a scope which matches the goal and scope of the present study very 
well. 
 
Sensitivity analysis has been applied to a range of the choices made in the basic scenario, 
addressing primarily geographic variations and differences in malting technologies.  
 
In conclusion, the inventory consideration fulfil the requirements in ISO 14040ff, giving a 
valuable insight into the both production routes and the exchanges with the environment.  
 

Results and Interpretation of the study 
The results of the impact assessment are presented as figures rather than tables. The figures 
are very illustrative, and the integration of numerical results in the figures provides a good 
detail.  
 
Also the results from the sensitivity analysis are primarily being presented in graphics. This 
makes good sense as the graphics clearly indicates that there are benefits to be achieved, 
irrespective of where the barley is produced and which technology is used for malting. 
Absolute figures for these scenarios are of less interest than for the basic scenario. 
 
The report ends with a chapter in which the results are seen in a broader (“global 
consumption of beer”) perspective as well as in the very narrow perspective (“one beer”). 
This exercise is valuable, yielding figures that can be used for communication with single 
consumers, NGO’s and policy makers, i.e. the primary target groups for the study. 
Furthermore, it compares the results to those from other beer life cycle studies. The large 
differences observed are discussed in detail, and some interesting points are highlighted. 
 

Review conclusions 
The report provides a very good transparency and consistency with a sufficient amount of 
detail being available for all important issues. The report is therefore considered to be in full 
accordance with the requirements in ISO 14040 ff.  
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