Beer Production (Text version)

These notes provide the complete text for the multimedia Beer Production Flowchart.

Barley

Barley may be regarded as the backbone of beer.  Barley provides fermentable sugars that yeast convert to alcohol during fermentation, dextrins that give beer mouth-feel and body, colour, proteins responsible for beer foam and malty flavours and aromas that balance hop bitterness in the final beer.

Not all barley however, is suitable for malting and making beer.  Barley that may be readily malted has well defined properties.  The barley must be viable, free of disease, infection and discolouration, and reasonably free of debris and damaged corns.  The grain should be relatively low in nitrogen (ie 9-12% protein), have vigorous germination, the potential for rapid and complete modification and the ability to yield high levels of brewing enzymes.

Malting

Steeping

During steeping the barley grains are soaked (“imbibed with”) in water. The first flush of water removes surface dirt and other impurities. After this the grains are soaked until they absorb about 45% water. The water is changed every 6 to 8 hours over a period of usually between 24 (Australia) and 48 hours (Europe/USA), so steeping uses a lot of water. Air is also needed during steeping because the grains are living and breathing organisms which require oxygen for energy and excrete carbon dioxide when making that energy.

Chemistry in steeping

During steeping the barley starts to produce enzymes (the production of enzymes is completed during germination).  The enzymes degrade starches into simple sugars (ie maltose) that can be utilised by the growing grain. The energy to produce these comes from the respiration of the simple sugars, with a simplified equation:


C6H12O6 (in starch)  +  6O2  (  6CO2  +  6H2O  + heat

In order to control the malting process it is important to maintain a supply of oxygen, remove the carbon dioxide and make sure the temperature doesn’t rise too high. As well as this, if the steeping process goes for too long some of the starches will be oxidised away.

Germination

The barley grains are allowed to germinate, producing new barley plants. This produces enzymes which are needed to convert starch into sugars and to break down some of the hard, insoluble parts of the barley. During germination the barley grains grow rootlets called ‘chits’. To stop these matting and to even up the growth, the grains are constantly turned by machine. The germination process also needs a constant supply of water and air. During germination the cell walls of the grains are broken down, and germination is complete when they can be crushed with the fingers.  A maltster visually recognizes this point when the acrospire (cotyledon/shoot) is approximately 3/4 to the length of the grain.

The fully germinated barley is known as ‘green malt’.

Mass loss during germination

During germination the respiration process that was started in steeping becomes very significant. Aeration, removal of carbon dioxide and temperature control are very important. There is a mass loss due to respiration and the formation of the rootlets (which are discarded).  Generally a maltster expects that this loss is approximately 15% of the initial weight of the barley.

The enzymes in malting

The enzymes are proteins which are produced by the action of plant hormones called gibberellins. The enzymes are produced or released during germination. Some of the enzymes start their work during germination, breaking down the cell walls and converting some of the insoluble, high molecular weight cell wall polysaccharides small sized polymers and eventually into sugars. Most of breakdown of starches, however, will be done later on during the mashing process as the maltster wants to minimize the amount of sugar used during malting.

Which enzymes are produced and released during malting

Some of the enzymes produced or released during malting, and the work that they do are:

· (-amylase (which are produced during germination) break down long starch chains into smaller ‘dextrins’.  This enzyme is the first to attack the starch granule.

· (-amylase (which are released and modified during germination) break down smaller molecules (dextrins) into maltose.

· Limit-dextrinase complete the breakdown of larger sugar molecules that are branched (limit dextrins) simple sugars that may be further hydrolysed into fermentable sugars such as maltose and glucose.

· (-glucanase (produced during germination) break down (-glucan, a complex sugar polymer which is used to hold the cell walls together, into smaller polysaccarides which in turn can be further broken down into glucose.

· Proteanases break down the proteins in the cell wall into smaller peptides and soluble amino acids.

Kilning

Hot air dries and kills the green malt which is then heated at temperatures normally beginning at about 50(C and reaching a final temperature normally between 80 about 100(C in 24 hours. The kilning releases a wide variety of different flavours and colours by a series browning reactions between sugars and peptides/amino acids called Maillard Reactions.  The maltster uses different temperature kilning profiles to produce many different types of malt.  The main malt produced is pale malt which typically makes up at least 95% of the grain charge used for making beer. The picture below shows what the barley grains look like after different types of malting, and what the beer made from them looks like.

After kilning the ‘green malt’ has become ‘malt’.

Maillard Reactions

Cooking or toasting foods will make the foods turn brown and pick up the flavours and aromas which we associate with toasting. The chemical reactions that produce this browning are complex and are known as Millard  Reactions and these produce compounds called mellanoidins.

Coloured compounds in malt are formed by the Maillard reaction during kilning.  Differing degrees of kilning produce malt with a range of colours and flavours, which in turn will impact on the colour, flavour and aroma of the final beer product. 

Flavour and colour control during malting

There are lots of things the beer maker can do during malting to change the final flavour and colour of the beer. Here are a few examples.

· In the final stages of kilning, the malt can be ‘cured’ at a high temperature. For example lager is cured between 75(C and 90(C while ale is cured between 90(C and 105(C.

· Malts can be wetted and roasted at very high temperatures (up to 200(C) to produce crystal (caramel), chocolate (black) and amber malts. These are used in small proportions to give colour and flavour to the beers. Dark beers like stout will use about 5-10% proportion of dark malts. 

Some of the types of malts are:

· Roasted Barley provides black colour and bitter taste

· Roasted Wheat  provides colour and unique flavour 
· Light Crystal Malt used for colour, flavour, head retention, storage

· Dark Crystal Malt used for colour

· Roasted Chocolate provides a malt flavour (smoother) and colour

· Black Malt provides almost black colour and bitter and dry taste

· Amber Malt provides a subtle biscuity colour and flavour 
· Caramalt Golden provides colour and full caramel flavour 
Storage

The dried malt (ca 5% moisture) is now in a form that can be readily and stably, stored and transported.  In storage and transport it is important that the malt is kept dry and free from insects and rodents.

Brewing

Milling

The malt is now crushed in a ‘grist mill’. Hence the old saying ‘grist for the mill’.  Typically a “six roller mill” will be used consisting of 3 sets of rollers set at different apertures, with sieves which selects the fractions for the next set of rollers.  This breaks down barriers in the grains, giving the enzymes full access to the carbohydrates that are still in the grains, and facilitates the efficient extraction of the soluble material (extract) from the malt. The malt now is called ‘malt grist’. 

A neat trick is to keep the husks formed in milling to act as a filter that will remove the insoluble malt material remaining after mashing.

Mashing
During mashing the starches in the grist are converted to sugars. The grist is mixed with high quality heated water, usually around 65(C.   The mash is continually mixed by an agitating “paddle” to ensure even mixture of the mash and allow the controlled heating of the mash during the later stages. By the completion of mashing, virtually all of the starch has been converted into sugars. The soluble materials produced during mashing are called the extract and the solution of soluble materials in water is called the wort. During mashing, other grains called starch adjuncts may be added to the barley. These can come from other, often cheaper unmalted grains. 

Gelatinisation

The enzymes which attack proteins and glucans ideally do most of their work during malting. However, the starch is contained in granules which must be burst open by heating before the enzymes can get to work on them. This process is called ‘gelatinisation’ and takes place during mashing. Barley malt gelatinises at 60(C while some of the adjuncts will gelatinise at higher temperatures. 

The temperature of mashing

The brewer must control the temperature: The “strike temperature” is a compromise between the temperature required to gelatinise starch and the temperature that too rapidly inactivates relatively enzymes such as beta-amylase and limit dextrinase. This optimum temperature allows the most efficient degradation of starch into simple fermentable sugars that will sustain yeast growth and be converted into alcohol during the fermentation stage.  The precise temperature can have a very significant effect on how the amylases work, producing different proportions of fermentable sugars.  Normally approximately 80% of the malt charge added is converted into the soluble components which comprise the wort.

pH during mashing

The optimum pH for amylase activity is between 5.2 and 5.6. Since malts usually have higher pH values, the mash must be made more acidic, a process that was traditionally called ‘souring the malt’. This is done in Tasmania by adding Calcium Sulfate.

Water quality in mashing

Water quality is crucial in mashing, and in Tasmania good quality water is further purified by reverse osmosis. The brewer will normally add a small amount of calcium sulphate or carbonate to the mash that will improve enzyme thermostability, particularly alpha-amylase. 

The enzymes in mashing

NB: See also the section on “malting” which describes the enzymes released during the malting process.

In general, the activity of enzymes has a dependency on temperature and pH shown by the following graphs. There is an optimum temperature and an optimum pH at which the activity of the yeast is a maximum: the value of these depends on the particular enzyme.






Here is a summary of the main properties of enzymes that are important in mashing. 
	Enzyme
	Optimum

Temp
	Limit temp
	Optimum pH
	Main effect
	Use of enzyme products in fermentation

	(-amylase
	72 - 75(C
	80(C

(will work at 62(C)
	5.6 – 5.8
	Starch ( Dextrin’s, intermediate sugars and some fermentable sugars
	Dextrins are not fermented, until broken down by (-amylase. Also other fermentable sugars – but not as quickly as (-amylase.

	(-amylase
	62(C
	67.5(C

(die at 72(C)
	5.4-5.5
	Dextrins ( maltose 
	The main fermentation sugar producing alcohol

	Limit-dextrinase
	65(C
	70(C
	5.0 – 5.5
	Limit dextrins ( dextrins
	Initial fermentation sugar, helping yeast to grow. Also give mouth feel to beer.

	Proteases
	55 - 65(C
	70(C
	3.8 – 6.0
	Proteins (  Peptides ( 
amino acids
	NB: Proteins help maintain the foam in the final beer and amino acids are required for yeast growth and vitality.


Lautering
After the completion of mashing (normally 1 hour) the mash is transfered into the lauter tun which is rather like a large strainer. The husks settle at the base of the lauter tun forming a filter bed which traps all the remaining grist solids and allows the wort containing the solubilized malt components to pass through as a relatively transparent liquor called wort. Sparging with hot water washes out the sugars from the mash.

More on lautering

Once the bulk of the free wort transferred from the mash tun has progressed through the filter bed, further hot sparge water (~78(C) is added.  Sparging ensures the efficient recovery of wort extract from the insoluble materials.  If the sparging water is too hot it will leach unwanted tannins from the husks giving the beer an unpleasantly astringent flavour.

A system of rotating knives or rakes is used by the brewer to produce channels in the filter bed to maintain the efficient flow through of wort.  

Lautering usually takes between 1-3 hours depending on the brewing equipment being used, the malt quality, the grist composition and the brewing program being used.  As such lautering efficiency is critical to determining the output from the brewery. 

 The non-soluble material remaining in the lauter tun at the completion of lautering, including husk material is called brewers grains.  It is high in fibre and is normally used as a feed supplement for livestock such as dairy cows.

Testing for specific gravity

The final alcohol content of beer depends on the sugar content of the wort. This is determined using a hydrometer which measures the density or ‘specific gravity’ of the wort which is numerically the same as its density in grams per millilitre. The table below summarizes this information.

	Type of beer
	Specific gravity or wort
	‘Degrees’ 
	Potential alcohol %v/v
	Sugar concentration 

	Light
	< 1.030
	< 1030
	< 3.7
	

	Pale ale
	1.035 – 1.045
	1035 - 1045
	4.4 – 5.8
	

	Strong ale /stout
	1.045 – 1.055
	1045 - 1055
	5.8 – 7.2
	

	Very strong ale
	> 1.055
	> 1055
	> 7.2
	


Note that brewers often refer to specific gravity without the decimal point. For example a specific gravity of 1.040 would be referred to as ‘1040’.

If the wort has the wrong sugar concentration for the intended beer, it can be adjusted by adding sugar or diluting.

Some home brewing issues

A ‘stuck sparge’ can result from grinding the grist too finely (so that the liquid cannot pass through it) or letting the sparging water get too cold. It is handy to keep some boiling water nearby in case the sparging water cools. It can be fixed by adding very hot water, but this has its own problems.

If the temperature is too high unwanted tannins are leached from the husks. This also happens if the pH of the sparging water is allowed to increase (through dilution of the wort). As a rule of thumb, sparging is generally stopped when the specific gravity of the last wort is about 1.008 – 1.01.

Boiling
The wort is now boiled vigorously in a ‘kettle’ for about an hour, and at different stages during the boiling hops are added.

The reasons for boiling are to

· sterilise the wort rendering it bacteriologically stable

· precipitate out undesirable proteins, tannins and carbohydrates
· inactivate enzymes that survive mashing

· modify remaining proteins (ie more foam active) and allow further browning/Millard reactions to occur 

· concentrate the wort through evaporation

· bring out the flavours in the hops

· boil away some undesirable flavours (such as dimethy sulfide DMS).

The formation of a protein break during boiling

Proteins are useful in beer as foam enhancers, but the wrong types present in excess amounts can give rise to haze in the final beer. They react with phenols and are precipitated out as ‘break’ at an optimum pH of 5.2. This break has the appearance of a scum which floats to the top of the boiling work and is mechanically removed. 

The reaction is a condensation reaction between the –OH groups in polyphenols with the –OH group of proline in some proteins. Note that the controlled denaturation of some proteins is desirable as this improves their foam stabilisation properties.

Some home brewing issues
In home brewing the volume of the wort will typically be reduced from say 14 L to 10 L. The specific gravity of the wort will typically increase from about 1.03 to about 1.050.

The wort needs to be cooled quickly in order to precipitate out more of the protein break.

Hops
Hops are one of the essential flavouring ingredients of most beers. In Germany according to the “purity law of 1516” (Reinheitsgebot) for example, beer can legally be made from malt, water and hops only – adjuncts are not allowed. The main flavour contributed by hops is a bitter flavour, and to get this bittering effect hops are added to the wort at the beginning of boiling. Hops also contain essential oils which have a strong aroma, and special aroma hops may be added to the wort near the end of boiling so that the essential oils do not distil off.

The bitter resins in hops

The bitter flavours in hops come from resins and the most important of the resins are the (-acids (humulones) with (-acids (lupulones) also contributing. Bittering hops such as “Pride of Ringwood” are varieties of hop that contain large amounts of (-acids and so are excellent for bittering beer. Boiling is important because it causes the (-acids to undergo a chemical modification (called isomerization) that turns the (-acids into much more bitter and foam promoting iso-(-acids

The essential oils in hops

Hop aromas are produced by hop or essential oils which are a mixture of terpenoid hydrocarbons, alcohols, aldehydes and esters. Aroma hops are varieties of hop which have particularly fine aromas such as varieties “Saaz” and “Hallertau”.

Fermentation

Yeast
Yeasts are viable, living cells that are pitched into the wort and utilise the fermentable wort sugars to produce alcohol and carbon dioxide for their respiration/energy requirements. The wort is food for the yeast cells which multiply during fermentation. This means that at the end of the fermentation process, there are about five to eight times as much yeast as at the beginning. Beer makers can take the best of this yeast and use it for the next fermentation. The rest has a high nutrient value and can be sold as stock feed, or used for making vegemite.

Yeast Respiration 

Yeasts are living and growing organisms that need energy. At the beginning of the fermentation process, dissolved oxygen in the wort allows the yeasts to grow by respiration. This is an important process because it gets the yeast working and saves a lot of time.


C6H12O6 (aq)  +  6O2 (aq)  (  6CO2 (aq)  +  6H2O(l)   
(H = - 2825 kJmol-1  

The diagram shows yeasts budding and growing.

This is the last time that oxygen is used in the brewing process: from now on, oxygen is a deadly enemy as it promotes beer staling and the formation of undesirable haze.

Yeast fermentation

When all the oxygen in the wort is used up, anaerobic conditions prevail in the wort thus the yeast obtains its energy by fermentation that is the process that creates alcohol.


C6H12O6   (  2C2H5OH(aq)  +  2CO2 (g)  

(H = - 106 kJmol-1
Some of the energy released goes into allowing the yeasts to multiply (by budding) and there will be much more yeast at the end of wort fermentation as there was at the beginning. The rest of the energy goes into heating the wort and can cause a significant increase in temperature, which must be monitored and controlled.

The effect of temperature on yeast

Temperature is important in determining the activity of yeast. At low temperatures the metabolic processes in yeasts are slow, while at high temperatures the living yeasts become inactive and may die. Most beer yeasts have an optimum activity at between 25(C and 30(C

The temperature of the wort at pitching (adding the yeast) is 15(C to 18(C for ale and 7(C to 12(C for lager. As fermentation proceeds the temperature is allowed to rise to 20(C to 23(C for ale and 12(C to 17(C for lager after which the temperature is brought back down again. The reason for the lower temperatures (and longer times) is to minimise the formation of undesirable compounds (see next section).

Carbon dioxide produced in fermentation

During fermentation the carbon dioxide produced is poisonous to the yeast and must be removed. However, it is a very useful by-product used for carbonation of the beer later on and for carbonation of soft drinks so it is collected and stored.

Primary Fermentation

Primary fermentation turns the sugars in the wort into alcohol and carbon dioxide. Fermentation is started by ‘pitching the wort’ – adding brewer’s yeast to the wort. As the simple sugars are converted to alcohol the density of the wort decreases, providing one way of checking how the fermentation is progressing. Because heat is released during fermentation, the temperature of the wort must be carefully controlled. Primary fermentation produces ‘green beer’ which must be matured before it can be bottled.

Other chemicals produced in fermentation

Fermentation to green beer produces many substances, some of which have nasty odours or flavours. These include

· Diacetyl H3C – CO – CO –  CH3  is a diketone which gives beer an unclean buttery taste.

· Ethanal (‘acetaldehyde’) CH3CHO gives the green beer its ‘green’ musty flavour.

· Higher alcohols (or ‘fusel oils’) are poisonous and can give the beer a nasty flavour. Some of the important fusel oils are shown in the table.

	Compound
	Formula
	Flavour threshold
	Flavour

	Pentanol (amyl alchohol) and its isomers
	C5H11OH
	50-80 ppm
	Solvent

	Phenolethanol (and isomers)
	HO-C6H5 –CH2CH2OH

(C6H5 is a benzene ring group)
	80 – 100 ppm
	Medicinal


· Esters in the right concentrations are very important in giving beer its flavours. The table sums up the importance of some of the main esters in beer.

	Compound
	Formula
	Flavour threshold
	Flavour

	ethylethanoate
	CH3COOC2H5
	25 - 30 mgL-1
	Fruity solvent

	isoamyethanoate
	CH3COO(CH2)CH(CH3)2
	1 – 1.6
	banana

	ethylhexanoatte
	C5H11COOC2H5
	0.1 – 0.3
	apples


· Sulfur compounds include H2S, dimethylsulfide and mercaptans which have the general formula R-SH. Mercaptans have a structure similar to alcohols except that the oxygen in the alcohol is replaced by sulfur. These are the compounds which give cabbages and skunks their nasty taste and odour – and need to be removed from beer.

· Organic acids can have strong and unpleasant flavours and also need to be removed. The table sums up some of the more important organic acids in beer.

	Compound
	Formula
	Flavour threshold
	Aroma impression

	Butanoic (butyric) acid
	C3H7COOH
	1.2 – 2.2
	cheesy, rancid

	Octanoic (caprylic) acid
	CH3(CH2)6COOH
	10 – 13 
	oily, goaty

	Decanoic (capric) acid
	CH3(CH2)8COOH
	10
	rancid, soapy


One of the reasons why beer tends to be fermented at temperatures well below the optimum temperatures for the yeasts is that at low temperatures smaller quantities of the undesirable by-products are produced.

Changes during fermentation

Here is a graph showing the changes that take place during fermentation. 

[image: image1.wmf]
Maturation 
The green beer produced in primary fermentation is cloudy, flat, has funny flavours and can easily spoil. It has to go through a few more stages before it is ready to drink. The first step is the maturation of the beer during which

· the yeast settles (and is collected for future use)

· the flavours mature through fermentation of undesirable primary fermentation products

· hazy components are precipitated out

· the final product can be standardised through blending and dilution to correct alcohol concentration. The percentage alcohol determines how beer is taxed.

The CCV for fermentation and aging

Older Breweries ran primary fermentation in the ‘fermentation tank’ and maturation in the ‘lager vessel’, but large plants can now use the same ‘cylindro-conical vessel’ (CCV) to for both fermentation and aging.  These vessels can be pressurised to allow the buildup of carbon dioxide gas, can collect the spent yeast at the base of the cone and can be rapidly chilled to complete the process. 

Secondary fermentation – ‘real ale’

‘Live beers’ (such as ‘real ale’ or “bottle conditioned”) are matured by a process called secondary fermentation. In this process, more sugar (and possibly more yeast, the ’secondary yeast’) is added to the bottle or cask and it is allowed to ferment producing more carbon dioxide and alcohol. Sometimes the spent yeasts are deliberately left in the bottle and add to the flavour and character of the ‘real ale’.  A local example of a bottle conditioned beer is Coopers Pale Ale from South Australia.  Secondary fermentation leaves beer with a good amount of carbon dioxide: beers that do not undergo secondary fermentation will have to have carbon dioxide injected into them.

Home brewers will generally use secondary fermentation (using added sugar) to carbonate the beer.

Filtration
Clarification removes suspended solid particles in the beer producing a bright and brilliantly clear product. Sometimes the green beer is first centrifuged to remove bulk spent yeast. However the main way in which the beer is clarified is to filter it using diatomaceous earth or keiselguhr.

Filtering techniques

Diatomaceous earth, or kieselguhr, is a fossilized sediment of diatoms.  Their intricate skeletons make an effective filter aid, removing yeast and other suspended solids

Following secondary fermentation, during which the beer matures and clarifies to a certain extent, the beer is filtered to remove yeast and other suspended solids.  Diatomaceous earth is a widely used filter aid by brewers.  

Another method of filtration, known as cold-sterile or micro-filtration, may be applied following diatomaceous earth filtration.  This technique involves membrane filtration and imparts microbiological stability to beer without the need for pasteurisation.  As a result, both potential detrimental changes to flavour from thermal treatment, and the need to bottle in glass are eliminated.

Filtration efficiency may be decreased by certain beer components that originate from the barley.  These include -glucan, arabinoxylan, protein and tannins.  The levels of these substances may be reduced by careful malting or by various treatments throughout the brewing process.

Packaging, storage and distribution

One of the most important things in packaging is to exclude oxygen away from the beer, and one way to do this is to flood machinery with carbon dioxide gas. Modern machines can safely fill 2000 bottles per minute. After filling the bottles may be pasteurised (by heating) to kill off any living organisms that might spoil the beer.

The final beer

Colour, foam amount and stability, brightness, carbon dioxide content, mouth-feel and hop aroma, flavour and bitterness are all involved in the complex exercise of evaluating a glass of beer

What makes a good beer

Final beer colour is largely derived from the level of kilning of the malt, though colour development may also occur during the kettle boil due to Maillard reactions and caramelisation.  Barley malt proteins play a crucial role in beer quality.  They are the principle factors responsible for levels of beer foam, its stability, creaminess and subsequent lacing.  Proteins originating from barley malt are also susceptible to interaction with tannins, which may lead to the formation of undesirable hazes.  Dextrin’s provide body and mouth-feel, and together with different carbon dioxide levels help characterise beer styles.  Hops complement the malt, providing bitterness and delicate hop flavour and aroma.  A subtle use of bittering hops will leave the malt character to dominate the final beer, whereas more liberal hopping will provide refreshing bitterness. Finally, beer unlike wine is usually best drunk fresh as the quality of the beer slowly deteriorates from the moment that it is packaged.
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