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Preface

The two volumes of the second edition of Malting and Brewing Science 1, Malt and Sweet
Wort and 11, Hopped Wort and Beer, by James S. Hough, Dennis E. Briggs, Roger
Stevens and Tom W. Young, appeared in 1981 and 1982. This book provided the
framework for the M.Sc. in Malting and Brewing Science, the course that was offered by
the British School of Malting and Brewing in the University of Birmingham (UK). It also
provided the backbone of many other courses. After more than 20 years the demand for
these volumes has continued, although they are increasingly out of date. Malts and
Malting, by Dennis E. Briggs, appeared in 1998, and Brewing Yeast and Fermentation,
by Chris Boulton and David Quain, became available in 2001. These books cover their
named topics in depth. However, the need for an up-to-date, integrated textbook on
brewing, comparable in scope and depth of coverage to Malting and Brewing Science,
remained.

Brewing: Science and practice is intended to meet this need. Deciding on the details of
the coverage has given rise to some anxious discussions. Practically it is impossible to
describe all aspects of all the varieties of brewing processes in depth, in one moderately
sized volume. Inevitably it has been necessary to assume some background knowledge of
physics, chemistry, biology, and engineering. However, the book is understandable to
people without detailed knowledge in these areas. The references at the end of each
chapter provide guidance for further reading. Since the wide range of kinds of brewing
operations, from simple, low-volume, single-line breweries to extremely large, highly
complex, multiple-line installations, does not allow a single description of brewing
activities, the book concentrates on the principles of the various brewing processes.

Brewing is carried out all over the world and, unsurprisingly, different terminologies
and methods of measurement and analysis are used. The different systems of units and
analyses are explained in the text and conversion factors (where valid) and some other
useful data are given in the Appendix. A list of abbreviations is included in the index for
reference. The index also includes a list of formulae
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deal of help from our colleagues and friends. We are grateful to Mrs Doreen Hough for
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permission to use some of the late Professor Jim Hough’s diagrams. Permission to use
other diagrams is acknowledged in the text. We would like to thank: Mrs Marjorie
Anderson, Dr John M. H. Andrews, Mrs Marjorie Anderson, Dr Raymond G. Anderson,
Mr David J. Banfield, Mr Zane C. Barnes, Herr Volker Borngraber, Mr Andy Carter, Dr
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An outline of brewing

1.1 Introduction

Beers and beer-like beverages may be prepared from raw cereal grains, malted cereal grains
and (historically) bread. This book is primarily concerned with beers of the types that
originated in Europe, but which are now produced world-wide. However, an account is
given of ‘African-style’ beers (Chapter 16). The most simple preparation of European-style
beers involves (a) incubating and extracting malted, ground up cereal grains (usually
barley) with warm water. Sometimes the ground malt is mixed with other starchy materials
and/or enzymes. (b) The solution obtained is boiled with hops or hop preparations. (c) The
boiled solution is clarified and cooled. (d) The cooled liquid is fermented by added yeast.
Usually the beer is clarified, packaged and served while effervescent with escaping carbon
dioxide. In this chapter the preparation of beers is outlined and the brewers’ vocabulary is
introduced. Beers are made in amounts ranging from a few hectolitres (hl) a week to
thousands of hl. They are made using various different systems of brewing.

1.2 Malts

Malts are made from selected cereal grain, usually barley, (but sometimes wheat, rye,
oats, sorghum or millet), that has been cleaned and stored until dormancy has declined
and it is needed. It is then germinated under controlled conditions. Their preparation is
outlined in Chapter 2, and is described in detail in Briggs (1998). The grain is hydrated,
or ‘steeped’, by immersion in water. During steeping the water will be changed at least
once, air may be sucked through the grain during ‘dry’ periods between immersions, and
may be blown into the grain while immersed. After steeping the grain is drained and is
germinated to a limited extent in a cool, moist atmosphere with occasional turning and
mixing to prevent the rootlets matting together. During germination the acrospire
(coleoptile) grows beneath the husk and rootlets grow from the end of the grain, enzymes
accumulate and so do sugars and other soluble materials. The dead storage tissue of the
grain, the starchy endosperm, is partly degraded, or ‘modified’, and its physical strength
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is reduced. When germination and ‘modification’ are sufficiently advanced they are
stopped by kilning. The ‘green malt’ (green in the sense of immature, it is not green in
colour) is kilned, that is, it is dried and lightly cooked, or cured, in a current of warm to
hot air. Pale, ‘white’ malts are kilned using low temperatures and in these enzyme
survival is considerable. In darker, coloured malts, kilned using higher temperatures,
enzyme survival is less. In extreme cases the darkest, special malts are heated in a
roasting drum and contain no active enzymes. After kilning the malt is cooled and
‘dressed’, that is, the brittle rootlets (‘culms’, sprouts) are broken off and they and dust
are removed. The culms are usually used for cattle food. Pale malts are usually stored for
some weeks before use. In contrast to the tough, ungerminated barley grain malt is
‘friable’, that is, it is easily crushed.

1.3 Mash tun adjuncts

Mash tun adjuncts are preparations of cereals (e.g., flaked maize or rice flakes, wheat
flour, micronized wheat grains, or rice or maize grits which have to be cooked separately
in the brewery) which may be mixed with ground malt in the mashing process. The use of
an adjunct alters the character of the beer produced. An adjunct’s starch is hydrolysed
during mashing by enzymes from the malt, so providing a (sometimes) less expensive
source of sugars as well as changing the character of the wort. Sometimes microbial
enzymes are added to the mash. In a few countries the use of adjuncts is forbidden. In
Germany the Reinheitsgebot stipulates that beer may be made only with water, malt, hops
and yeast.

1.4 Brewing liquor

In brewing, water is commonly known as liquor. It is used for many purposes besides
mashing, including beer dilution at the end of high-gravity brewing, cleaning and in
raising steam. Water for each purpose must meet different quality criteria (Chapter 3).
The brewing liquor used in mashing must be essentially ‘pure’, but it must contain
dissolved salts appropriate for the beer being made. The quality of the liquor influences
the character of the beer made from it. Famous brewing locations gained their
reputations, at least in part, from the qualities of the liquors available to them. Thus
Burton-on-Trent is famous for its pale ales, Dublin for its stouts and Pilsen for its fine,
pale lagers. It is now usual, at least in larger breweries, to adjust the composition of the
brewing liquor (Chapter 3).

1.5 Milling and mashing in

The malt, sometimes premixed with particular adjuncts, is broken up to a controlled
extent by milling to create the ‘grist’. The type of mill used and the extent to which the
malt (and adjunct) is broken down is chosen to suit the types of mashing and wort-
separation systems being used (Chapter 5). If dry milling is used the grist, possibly mixed
with adjuncts, is collected in a container, the grist case.

At mashing-in (doughing-in) the grist is intimately mixed with brewing liquor, both
flowing at controlled rates, into a mashing vessel at an exactly controlled temperature.
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The resulting ‘mash’, with the consistency of a thin slurry, is held for a period of
‘conversion’. The objective is to obtain a mash that will yield a suitable ‘sweet wort’, a
liquid rich in materials dissolved from the malt and any adjuncts that have been used. The
dissolved material, the ‘extract’, contains soluble substances that were preformed in the
grist and other substances (especially carbohydrates derived from starch), that are formed
from previously insoluble materials by enzyme-catalysed hydrolytic breakdown during
mashing.

1.6 Mashing and wort separation systems

The major mashing systems are, broadly, (a) the simplest, nearly isothermal, infusion
mashing system, (traditional for British ale brewers); (b) the decoction system,
(traditional for mainland European lager brewers); (c) the double mash system, (common
in North American practice); (d) the temperature-programmed infusion mashing system
that is being widely adopted in the UK and mainland Europe (Chapters 4 and 5). A mash
should be held at a chosen temperature (or at successive different temperatures), for pre-
determined times, to allow enzymes to ‘convert’ (degrade) the starch and dextrins to
soluble sugars, to cause the partial breakdown of proteins, to degrade nucleic acids and
other substances. At the end of mashing the sweet, or unhopped wort (the solution of
extractives, mainly carbohydrates; the ‘extract’) is separated from the undissolved solids,
the spent grains or draff.

Infusion mashing is carried out in mash tuns. Mash conversion and the separation of
the sweet wort from the spent grains take place in this vessel. The coarsely ground grist,
made with a high proportion of well-modified malt, is mashed in to give a relatively
thick, porridge-like mash at 63—67°C (145.4—152.6°F). After a stand of between 30
minutes and two and a half hours the wort (liquid) is withdrawn from the mash. The first
worts are cloudy and are re-circulated, but as the run off is continued the wort becomes
‘bright’ (clear), because it is filtered through the bed of grist particles. When bright the
wort is either collected in a holding vessel (an underback) or it is moved directly to a
copper to be boiled with hops. Most of the residual extract, initially entrained in the wet
grains, is washed out by sparging (spraying) hot liquor, at 75—80°C (167—176 °F ) over
the goods.

Decoction mashing is carried out with more finely ground grists, originally made with
malts that were undermodified. These mashes are relatively ‘thin’, so they may be moved
by pumping and can be stirred. Decoction mashing uses three vessels, a stirred mash
mixing vessel, a stirred decoction vessel or mash cooker and a wort separation device,
either a lauter tun or a mash filter. In one traditional mashing programme the grist is
mashed in to give an initial temperature of around 35 °C (96 °F). After a stand a decoction
is carried out, that is, a proportion of the mash, e.g., a third, is pumped to the mash
cooker, where it is heated to boiling. The boiling mash is pumped back to the mash
mixing vessel and is mixed with the vessels contents, raising the temperature to, e.g.,
50°C (122°F). After another stand a second decoction is carried out, increasing the
temperature of the mixed mash to about 65°C (149 °F). A final decoction increases the
mash temperature to about 76 °C (167 °F). The mash is then transferred to a lauter tun or a
mash filter. The sweet wort and spargings are collected, ready to be boiled with hops.

Typically, double-mashing uses nitrogen- (‘protein-’) and enzyme-rich malts and
substantial quantities of maize or rice grits. It also involves the use of three vessels. Most
of the malt grist is mashed into a mash-mixing vessel to give a mash at around 38°C
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(100.4 °F). The grits, mixed with a small proportion of ground malt and/or a preparation
of microbial enzymes, are mashed in a separate vessel called a cereal cooker. The
contents are carefully heated with mixing, and a rest at about 70 °C (158 °F), to 100 °C
(212 °F) to disperse the starch and partly liquefy it. The adjunct mash is pumped from the
cereal cooker into the malt mash, with continuous mixing, to give a final temperature of
about 70 °C (158 °F). After a stand the mash is heated to about 73 °C (163.4 °F), then it is
usually transferred to a lauter tun for wort collection.

Temperature-programmed infusion mashing is increasingly displacing older mashing
systems. The grist is finely ground and the mash is made ‘thin’ to allow it to be stirred.
The grist is mashed into a stirred and externally heated mash-mixing vessel to give an
initial temperature of 35 °C (95 °F) for a poorly modified malt or 50 °C (122 °F), or more,
for a better modified malt. The mash is heated, with ‘stands’ typically at 50 °C (122 °F),
65°C (149 °F) and 75 °C (167 °C). Then the sweet wort is collected using a lauter tun or a
mash filter.

1.7 The hop-boil and copper adjuncts

The sweet wort is transferred to a vessel, a copper or kettle, in which it is boiled with hops
or hop preparations, usually for 1-2 hours. Hops are the female cones of hop plants. They
may be used whole, or ground up, or as pellets or as extracts. The choice dictates the type
of equipment used in the next stage of brewing. Pelleted powders are often preferred. Hops
contribute various groups of substances to the wort. During boiling a number of changes
occur in the wort of which the more obvious are the coagulation of protein as ‘hot break’ or
‘trub’, the gaining of bitterness and hop aroma and the destruction of micro-organisms
(Chapters 9 and 10). Evaporation of the wort, reduces the volume by, say, 7-10%, and so it
is concentrated. Unwanted flavour-rich and aromatic volatile substances are removed.
When used, sugars, syrups and even malt extracts (copper adjuncts) are dispersed and
dissolve in the wort during the copper boil. During the boil flavour changes and a
darkening of the colour occurs. Caramels may be added at this stage to adjust the colour.
The hop-boil consumes about half of the energy use in brewing.

1.8 Wort clarification, cooling and aeration

At the end of the boil the transparent, or ‘bright’ wort contains flocs of trub (the hot
break) and suspended fragments of hops. If whole hops were used then residual solids are
strained off in a hop back or other filtration device and the bed of hop cones filters off the
trub, giving a clear, hopped wort. However, if powders, hop pellets, (which break up into
small particles), or extracts were used then hop fragments (if present) and the trub are
usually separated in a ‘whirlpool tank’. The clear ‘hopped wort’ is cooled to check
continuing darkening and flavour changes and so it can be inoculated (‘pitched’) with
yeast, and can be aerated or oxygenated without a risk of oxidative deterioration. The
heated cooling water is used for various purposes around the brewery. During cooling a
second separation of solids occurs in the wort. This ‘cold break’ is composed mostly of
proteins and polyphenols and some associated lipids. It is often, but not always,
considered desirable to remove this material to give a ‘bright’, completely clear wort. The
wort is aerated or even oxygenated, to provide oxygen for the yeast in the initial stages of
fermentation.
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1.9 Fermentation

Fermentation may be carried out in many different types of vessel (Chapter 14; Boulton
and Quain, 2001). Fermenters may be open or completely closed or they may allow part
of the yeast to be exposed to the air for part of the fermentation period. The variety of
fermenters remains because yeasts working in different vessels produce beers with
different flavours. Wort fermentation is initiated by pitching (inoculating) the cooled,
hopped wort with a selected yeast. In a few cases mixtures of yeasts are used. Brewery
yeast is a mass of tiny, single, ovoid cells (Saccharomyces cerevisiae, the ‘sugar fungus
of beer’). Yeast strains vary in their properties and the flavours they impart. In a very few
cases, as with Belgian Gueuze and Lambic beers, (or some African beers; Chapter 16),
fermentation occurs ‘spontaneously’ and a complex mixture of microbes is involved. The
yeast metabolizes extract substances dissolved in the wort. More yeast cells and ‘minor’
amounts of many substances are produced, some of which add to the beer’s character.
The major products of carbohydrate metabolism are ethyl alcohol (ethanol), carbon
dioxide and heat. The yeast multiplies around 3-5 times. Some is retained for use in
subsequent fermentations, while the surplus is disposed of to distillers or the makers of
yeast extracts.

Traditionally, ales are fermented with ‘top yeasts’ which rise to the top of the beer in
the head of foam. These are pitched at about 16 °C (61 °F) and fermentation is carried out
at 15—20°C (59—68°F) for 2-3 days. Traditional lagers are fermented with ‘bottom
yeasts’, which settle to the base of the fermenter. These are pitched at lower temperatures
(e.g., 7—10°C; 44.6—50°F) and fermentations are also carried out at lower temperatures
(e.g., 10—15°C; 50—59°F), consequently they take longer than ale fermentations. As
wort is converted into beer the removal of materials (especially sugars) from solution and
the appearance of ethanol both contribute to the decline in specific gravity. The initial or
original gravity, OG, the final or present gravity at the end of the fermentation, FG or PG,
and the final alcohol content, are important characteristics of beers.

Yeasts are selected with reference to:

their rate and extent of growth

the rate and extent of fermentation

the flavour and aroma of the beer produced

in older fermentation systems it is imperative that top yeasts rise into a good head of
foam and bottom yeasts sediment cleanly.

bl i

Substances (finings) may be added to promote yeast separation at the end of
fermentation. However, in some modern systems ‘powdery’ yeasts are employed that
stay in suspension until the beer is chilled or until collected by centrifugation.

1.10 The processing of beer

When the main, or ‘primary’ fermentation is nearly complete the yeast density is reduced
to a pre-determined value. The ‘green’ or immature beer (it is not green in colour, but has
an unacceptable, ‘immature’ flavour) is held for a period of maturation or secondary
fermentation. During this process the flavour of the mature beer is refined. Sometimes
‘priming’ sugar or a small amount of wort is added to boost yeast metabolism and the
‘maturation’, ‘conditioning’ or ‘lagering’ process. (Lagern is German and means stored
or deposited). In traditional lager brewing the immature beer was stored cold, e.g., at
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—2°C (28.4°F), for extended periods, sometimes months, when a very slow secondary
fermentation occurred and yeast and cold trub settled to the base of the storage vessel.
Conditioning is carried out in various ways. The primary and secondary fermentations
were carried out in separate, special vessels but increasingly single vessels are used.
Traditionally, ales are run from fermenters into casks or bottles with a little sugar, finings
and a regulated amount of yeast. The secondary fermentation ‘conditions’ the beer in the
container, charging it with carbon dioxide. The ale is dispensed from above a layer of
settled yeast. Such naturally conditioned beers are now made in only small amounts.
These beers are not stable for extended periods and they require careful, intelligent
handling.

Now, after conditioning in bulk, most beers are chilled and filtered or centrifuged to
remove residual yeast. These completely bright beers are then carbonated, that is, their
carbon dioxide content is adjusted, they are transferred into bottles, cans, kegs, or bulk
tanks. Nitrogen gas is sometimes added to the package, so the beer contains both this and
carbon dioxide, but as far as possible air is excluded. Before packaging the beer may be
sterile filtered, a process that avoids flavour damage but it follows that all subsequent
beer movements must be made under rigidly aseptic conditions. More often the beer is
pasteurized, that is, it is subjected to a carefully regulated heat treatment. This may be
applied to the filled bottles or cans or to the flowing beer as it moves to fill a sterile
container. With the notable exceptions of some dark stouts and wheat beers, such beers
should (a) be brilliantly clear, (b) develop a stable white foam, or head, when poured into
a clean glass, and (c) their flavours and gas-contents should remain steady.

The careful selection of raw materials and processing conditions help brewers to
approach these objectives. However, it may be necessary to employ other techniques. For
example, the plant proteolytic enzyme papain may be added to beer, or the beers may be
treated with insoluble adsorbents to remove haze precursors. In addition substances may
be added to reduce the dissolved oxygen content of the beer, to maximize its haze and
flavour stability. Other substances may be added to stabilize beer foam.

1.11 Types of beer

There is no truly satisfactory classification of beers. ‘Clear, European-style beers’ may be
distinguished by the raw materials used in their preparation, the ways in which the
brewing operations are carried out, whether top, bottom or ‘bulk’ fermentation is used,
how the product is conditioned, whether it is chilled and filtered and carbonated or is
conditioned in bottle or cask and how it is packaged. Stouts, porters and wheat beers,
which are produced in conventional ways, are often not transparent. A beer may also be
distinguished by its OG and degree of attenuation or alcohol content, colour, acidity,
flavour and aroma, by its ‘body’ or ‘mouth feel’, by its head (foam) characteristics and by
its physiological effects. How a drinker perceives a beer is influenced by many factors,
including the manner in which it is served, its temperature, clarity and colour, flavour,
aroma and ‘character’, the ambience, and whether or not it is being taken with food and
what has been consumed before.

Within each grouping, ‘class’ or ‘style’, individual beers may be quite distinct and
brewers aim to produce distinctive products. In North America most beer is pale, lightly
hopped and served very cold (often at about 0 °C; 32 °F). Many new, small breweries have
been set up and these make a wide variety of beers based on styles from around the world.
In Europe, for about a century, British brewing practices diverged from those of mainland
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producers, but in recent years convergence has started. For example, in Germany most
beers (not all) were made using decoction mashing, bottom fermentation and long periods
of cold storage (lagering). Increasingly, temperature programming, infusion mashing,
bulk fermentation and shorter periods of lagering are being used. Under many
circumstances the use of adjuncts is still not used. Although under EEC legislation the
use of adjuncts is allowed, most German brewers still abide by the Reinheitsgebot for
domestic beers.

The main groups of beers are the very pale Pilsen types, pale golden-brown Vienna types,
and the darker, rich Munich types. Other beers include Mérzen, Oktoberfest, wheat beers,
rye beers and smoked beers. In the UK lager worts are produced in many ways, but they are
bottom fermented. The British ‘lagers’ are all pale beers. Ales are traditionally made with an
infusion mashing system. They are moderately strongly hopped and a top fermentation
system is used. Traditional groups are the (progressively darker) pale ales, mild ales (usually
darker, sweeter and less strongly hopped), brown ales (darker forms of ‘mild’), and stouts or
‘porters’. The distinctions between ale and lager breweries are increasingly blurred as some
brewers adopt similar wort production and fermentation systems.

Less common products include wheat beers, low-alcohol and alcohol-free beers
(which may be carbonated worts, underfermented beers or beers from which the alcohol
has been removed), and beers with exceptionally high alcohol contents (e.g., barley wines
and Trappist beers, with 9% ABV, or more). In low carbohydrate (lite, light or dietetic)
beers, prepared by using special mashing conditions and added starch-degrading
enzymes, essentially all the starch-derived dextrins are degraded to fermentable sugars
and are utilized by the yeast. African opaque beers (Chapter 16) and kvass (Russian) are
distinct products. Some unusual beers, made in Belgium, include Lambic, Gueuze and
fruit-flavoured beers (kriek, flavoured with cherries; framboise, flavoured with
raspberries). These are all made using spontaneous fermentations which involve mixtures
of organisms.

Beer strength may be defined in several ways; by the specific gravity of the wort before
fermentation (the OG), by the alcohol content of the final beer (% alcohol by volume or
ABV) or even by the content of hop bitter substances. The fermentability of extract
depends on many factors. There is no fixed relationship between the OG and the alcohol
content of a beer. In Britain the specific gravity of a wort or beer is usually quoted times
1,000 so, for example, water has a SG of 1000.00 and wort with a specific gravity (s.g.) of
1.040 at 20 °C (68 °F) has a SG of 1040.00. In the past, extract was calculated as brewer’s
pounds per barrel, and the excess weight (in 1b.) over water was referred to as brewer’s
pounds gravity. Thus a barrel of water (36 imp. gallons, UK) weighs 360 pounds (Ib.), but a
barrel of wort at SG 1040 weighed 374.2 1b. So this wort had a gravity of 14.2 1b. Outside
the UK concentrations are often expressed in terms of concentrations of sucrose solutions
of the same gravity (see appendix). Thus, in von Balling’s tables of 1843 wort of a specific
gravity of 1040 is equivalent to a sucrose solution of 9.95% (w/w). Von Balling’s tables
were revised by Plato in 1918 and gravity is often expressed as degrees Plato. Increasingly
beer strengths are being given as the concentration of alcohol % ABYV that they contain.

1.12 Analytical systems

For both trading and quality-control purposes all the materials used in making beers, the
liquor, the sweet and hopped worts and the beers themselves are analysed. Not all the
methods used are standardized and, regrettably, there are at least four ‘agreed’, but
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discordant, sets of methods in use. The methods used in the different sets differ
significantly and give different results. In many instances there are no valid or reliable
conversion factors to interconvert analytical results. The most commonly used methods
are those of the Institute of Brewing (IoB; now the Institute and Guild of Brewing, IGB),
the European Brewery Convention (EBC), the American Society of Brewing Chemists
(ASBC) and the methods of the Mitteleuropdischen Analysen Kommission (MEBAK).
The methods are frequently revised, successive versions being distinguished by their
dates. In this book the most recent units are used wherever possible. By 2005 the methods
of the IGB and the EBC should have been merged. The number of units of measurement
in use is large. Here metric units have been used where possible, with British (UK)
equivalents so, for example, hectolitres and imperial gallons. It should be noted that the
American gallon (US) has only about 0.8 of the volume of an imperial gallon. Systems of
units and conversion factors are given in the Appendix.

1.13 The economics of brewing

The economics of brewing are influenced by many factors, including the manning levels
required, the local costs of labour, raw materials, how brewing practices are influenced
by governmental regulations and how the products are taxed. The scales of brewery
operations vary widely, from units that produce < 10 barrels (imp. brl, approx.16.4
hectolitres, hl) per week to > 30,000 imp. brl (49,092 hl) per week. Thus savings per imp.
brl that are trivial to the small-scale brewer are worthwhile to a larger operator. Breweries
that operate continuously, for 24 hours a day, use their capital investment in plant to the
best effect and they can also make other savings, for example, by using heat-recovery
systems that are not suitable for breweries that operate intermittently. There are strong
and increasing pressures to minimize water use, to minimize the production of wastes and
effluents and the release of heat and odorous gases (such as vapours from hop-boiling),
and ‘greenhouse gases’ such as carbon dioxide and refrigerants, to utilize raw materials as
efficiently as possible, and to utilize fuels and power efficiently.

In order to use plant at peak efficiency it is necessary to have it well engineered,
instrumented, automated and maintained so that it can operate nearly continuously. To
make such investment worthwhile the capacity of the plant must be large and, in
consequence, the manpower needed to produce a given volume of beer is lower than is
needed with less sophisticated plant. The personnel needed to operate modern plant
successfully must be highly trained. Such plant is most efficient at making large volumes
of relatively few beers. Smaller, more labour-intensive plants are often better suited for
making a wide variety of beers in smaller amounts. Large brewing companies tend to
produce fewer beers in larger and larger plants. The problems of ‘product matching’, of
trying to make large volumes of one beer in different breweries, are notorious. Smaller
breweries, making smaller volumes, often of more ‘specialist’, and even ‘eccentric’
beers, are appearing all the time. Smaller breweries usually deliver beer over a small area,
and so have lower transportation costs relative to larger breweries, which must deliver to
larger areas to market the larger amounts of beer that they produce.

Energy and water requirements per unit volume of beer produced vary widely. In part
this is due to differences in the efficiencies of production plants, but it also depends on
the production processes used and on how the beer is packaged. Thus decoction mashing
uses more energy than temperature-programmed infusion mashing. Not all breweries
recover heat from the vapours in their mash-cooker or copper-stacks, and the efficiency
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of heat recovery varies with the sophistication of the equipment used. The heat, power
and water usage in bottling and canning halls (which not all breweries have) is high,
because of the amount of washing carried out, the conveying and the heat used by the
pasteurizers.

A widely adopted technique for improving the economics of a brewery is ‘high gravity’
(HG) brewing, in which concentrated worts are produced and processed. The concentrated
beers produced are diluted for sale. Thus a larger volume of beer is produced, per brew,
than would have been the case had the plant been operated in the conventional way. HG
brewing is a technically sophisticated process. There are difficulties with preparing
concentrated worts unless the addition of sugars or syrups to the copper is allowed. Almost
all the stages of the brewing process have to be adjusted, and the water used to dilute the
HG beer must be very carefully sterilized, deoxygenated and carbonated.

1.14 Excise

Beer is usually taxed. In Britain malt was taxed and the regulations imposed, to maximize
the tax receipts, fossilized the malting and brewing processes. The malt tax was
withdrawn in 1880, but the styles of beers that had been produced using well modified ale
malts were established as ‘traditional’ and continued in use. Only recently have newer
methods of brewing been widely adopted. Next, tax was levied on the gravity and volume
of the brewer’s wort, after boiling and cooling. The consequent economic need to convert
as high a proportion of this wort as possible into saleable beer influenced the designs of
fermentation vessels and yeast propagators, the recovery of beer from harvested yeast,
from filters, and so on. At present in the UK, and many other countries, excise is levied
on the volume and alcohol content (ABV) of the beer leaving the brewery. Sometimes
beers are classified according to the alcohol band (range of strengths) in which it falls.
Each band is taxed at a different rate and the tax increases with the alcohol content. There
are countries where the beer is taxed by volume only.
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Malts, adjuncts and supplementary enzymes

2.1 Grists and other sources of extract

The sources of extract used in brewing are materials used in the mash and materials
dissolved during the hop-boil (Chapter 1). In addition, small amounts of sugars may be
added to beers as primings or for sweetening. Caramels, coloured malt extracts and
Farbebier may also be added to adjust colours. Supplementary enzymes, derived from
non-malt sources, may be added to the mash or at later stages of beer production. Malt is
the traditional source of enzymes and the extract produced in mashing (Chapters 1 and 4).
The contents of this chapter are discussed in more detail elsewhere (Briggs, 1998;
Brissart et al., 2000).

2.2 Malting

2.2.1 Malting in outline
Barley (Hordeum vulgare) is the cereal grain most often malted. Wheat (Triticum
aestivum) and sorghum (Sorghum vulgare) are also malted in notable quantities (the latter
in Africa), but small amounts of rye (Secale cereale), oats (Avena sativum) and millets
(various spp.) are also used. The barley grain or corn has a complex structure (Briggs,
1978, 1998, Figs 2.1 and 2.2), and is a single-seeded fruit (a caryopsis). Barley varieties
differ in their suitabilities for malting. Barley plants are annual grasses. Some are planted
in the autumn (winter barleys) while others are planted in the spring (spring barleys).
Grains are arranged in rows, borne on the head, or ear. The number of rows varies, being
two in two-rowed varieties and six in six-rowed forms. In mainland Europe winter
barleys are usually of poor malting quality, but some of the two-rowed winter varieties
grown in the UK (such as Maris Otter, Halcyon and Pearl) are of outstandingly good
quality. Good spring malting barleys include Alexis, Chariot, Optic and Prisma. Grains
vary in size, shape and chemical composition.

It is important to understand that malts consist of mixtures of grains with differing
properties. This heterogeneity, which is reflected in the malt, can give rise to problems in
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Fig. 2.1 A schematic longitudinal section of a barley grain, to one side of the ventral furrow and
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Fig. 2.2 A diagram of a transverse section of a plump barley grain, taken at the widest part (after
Briggs et al., 1981).

brewing. Barley dimensions vary, usually in the ranges: lengths, 6—12mm, 0.24—
0.47 in.; widths, 2.7—5.0mm, 0.11—0.20in.; thicknesses, 1.8—4.5mm, 0.07—0.18 in.
Two-rowed malting barley grains may have one thousand corn dry weights (TCW) in the
range 32—44 ¢, and some six-rowed barleys have values of about 30g. Differences
between grain sizes must be allowed for when setting brewer’s mills. The barley corn is
elongated and tapers at the ends (Figs 2.1, 2.2). The dorsal, or rounded side is covered by
the lemma, while the ventral, grooved or furrow side is covered by the palea. Together
these units constitute the husk. The lemma has five longitudinal ridges, or ‘veins’ running
along it while the palea has two. In threshed grain the apical tip of the lemma is crudely
broken off. In the unthreshed grain this is where the extended awn is attached. At the base
of the grain, where it was attached to the plant, the rachilla, or basal bristle, lies in the
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ventral furrow. Rachillae vary greatly in their shapes and sizes, and are of use in helping
to identify grain variety. The husk protects the grain from physical damage. In wheat, rye,
sorghum and millets (and in some few ‘naked’ barleys, which are not malted) husks are
absent in threshed grain, so the corns are easily damaged.

Within the husk the multi-layered pericarp also has a protective function. Finally, the
testa is the layer that ‘seals’ the interior of the grain from the exterior and limits the
inward and outward movements of dissolved substances, such as sugars, amino acids,
salts and proteins. This layer invests the entire interior of the grain except at the embryo,
where its structure is modified in the micropylar region, and in the furrow, where the two
edges are sealed together by the pigment strand. The testa consists of two cuticularized
layers between which polyphenolic proanthocyanidins usually occur. At the base of the
grain, over the embryo and between the pericarp and the husk, there are two small, hairy
structures, the lodicules. During steeping these may distribute water over the embryo, by
capillarity. Their varied forms make them valuable aids in identifying a grain’s variety.

Within the testa, at the base of the grain, is the small embryo. This is situated towards
the dorsal side of the grain. The embryonic axis consists of the coleoptile (the maltster’s
‘acrospire’) pointing towards the apex of the grain and the root sheath (coleorhiza) which
surrounds several (typically five) embryonic roots. This appears at the end of the grain, at
the onset of germination, as the ‘chit’. The axis is the part of the embryo that can grow
into a small plant. It is recessed into an expanded part of the embryo called the scutellum
(Latin, ‘little shield’). Unlike the scutellum in oats, in barley this organ does not grow. Its
inner surface, which is faced with a specialized epithelial layer, is pressed against the
largest tissue of the grain, the starchy endosperm. With the exception of the embryo all
the tissues mentioned so far are dead. All the surface structures, outside the testa, are
infested with mixed populations of micro-organisms.

The starchy endosperm is a dead tissue of thin-walled cells packed with starch
granules embedded in a protein matrix. The granules occur in two size ranges (usually
with diameters 1.7—2.5 pm and 22.5—47.5 um), which behave differently during malting
and brewing. The cell walls are mainly (-glucans, with some pentosans and a little
holocellulose. This tissue contains most of the grain’s reserves, although others are
present in the embryo and in the aleurone layer. In transverse section the cell walls radiate
outwards from a ‘crest’ of sheaf cells that run along the grain, above the pigment strand.
These sheaf cells are devoid of contents and consist of cell walls pressed together, at least
in the dry grain. They are not part of the endosperm tissue, the cell walls of which are
more readily degraded by enzymes (Briggs, 2002). The outer region of the starchy
endosperm, the sub-aleurone layer, is relatively richer in protein (including [-amylase)
and small starch granules but poor in large starch granules. Where the starchy endosperm
fits against the scutellum the cells are devoid of contents and the cell walls are pressed
together, comprising the crushed-cell or depleted layer. The starchy endosperm, away
from the sheaf cells, is surrounded by the aleurone layer (which botanically is also
endosperm tissue). On average it is about three cells thick. The cells are alive but do not
multiply or grow during germination, have thick cell walls and contain reserves of lipids
(fat) and protein, sucrose and possibly fructosans, as well as a full range of functional
organelles. They do not contain any starch. A reduced layer of aleurone tissue, a single
layer of flattened cells, extends partly over the surface of the embryo. The estimates are
approximate, but on a dry weight basis (d.b.) a two-rowed barley corn may consist of
husk + pericarp + lodicules, 9—14%; testa, 1—3%; embryo, 2—3.5%; aleurone layer,
about 5%; starchy endosperm + sheaf cells, 76—82%. Malting can be understood only by
reference to the grain structure and the interactions which occur between the tissues.
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Barley is purchased in large amounts. The grain delivered must be of the correct
quality, i.e., it must match or exceed in quality a sample seen in advance or an agreed
specification. The evaluation of the grain involves both visual and laboratory
assessments. Each delivery should be checked before it is unloaded. Delivery may be
by railway, barge or (most usually in the UK) by lorry. The grain will be uncovered and
inspected for infesting insects, local wetting, admixture of varieties, the presence of ergot
sclerotia (poisonous, grain-sized structures produced by the fungus Claviceps purpurea),
or any sign of heavy fungal attack. If any of these faults is noted the load is likely to be
rejected and, if insects are present, the load will be ordered off the premises. With the
exception of varieties with blue-pigmented aleurone layers, (which appear greenish as the
blue is viewed through the yellow husk), grain should appear ‘bright’, with a clean straw-
yellow colour. Discoloration is caused by heavy microbial contamination.

Samples of the grain bulk are drawn and sent to the laboratory. The moisture content
will be determined. In the UK the grain will be inspected to check that it is predominantly
(e.g., >97%) of one specified variety, that its viability or germinative capacity (GC;
checked by tetrazolium staining) is equal to or exceeds the specified limit (at least 98%)
and that the total nitrogen content (TN) or crude protein content (6.25 x TN) is within
specified limits. Grain moisture and nitrogen contents are usually checked using near-
infra-red spectroscopy (NIR), but slower methods may be used. The grain will also be
checked for ‘pre-germination’, since grain that has already started to germinate will not
keep or malt well. A sample will be graded (screened) by shaking on a set of slotted
sieves, usually with slot widths of 2.2 or 2.25, 2.5, and 2.8 mm. In North America the slot
sizes are 7/64 in., 6/64 in. and 5/64 in. (about 2.78, 2.38 and 1.98 mm, respectively). The
sample must have an acceptable size distribution. Grain, dust and rubbish passing the
2.2mm or other agreed screen is regarded as ‘screenings’, or thin corns. It will not be
malted and so will have to be removed, collected and sold as animal feed. If screenings
exceed a specified weight percentage the load may be rejected or purchased at a reduced
price.

Each lorry-load of grain (typically 20—25 t) will be evaluated on a few hundred grams
of grain. For the results to have any statistical validity, because of the inherent
inhomogeneity of grain, the samples must be drawn, mixed and sub-divided strictly in
accordance with the rules set out in the sets of analytical methods (Section 1.15.1, p. 9). If
the load is acceptable it will be unloaded and transferred to a ‘green grain’ store. The
grain is not green in appearance but at this stage it has not been pre-cleaned, dried,
screened or further graded. Grain is best handled and stored in batches, separated by
variety, TN, and grade. After thorough cleaning, drying and perhaps more extended
storage the grain will receive a more thorough laboratory evaluation. These check
procedures take days, compared for the checks carried out at grain intake, for which only
a few minutes are available. Efforts are made to ensure that the grain does not carry
unacceptable levels of residues of insecticides, fungicides, plant growth regulators, or
herbicides by checking the grain’s history with suppliers. Some grain samples will be sent
to specialized laboratories to check residue levels.

2.2.2 Changes occurring in malting grain

Before malting, grain is screened and aspirated to remove large and small impurities and
‘thin’ corns. To initiate malting it is hydrated. This is achieved by ‘steeping’, immersing
the grain in water or ‘steep liquor’. Later, the moisture content may be increased by
spraying or ‘sprinkling’ the grain. The steep-water temperature should be controlled. At
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elevated temperatures water uptake is faster but microbial growth is accelerated and the
grain may be damaged or killed. The best temperature for steeping immature (partly
dormant) grain is low (about 12 °C, 53.6 °F). For less dormant grain a value of 16—18°C
(60.8—64.4 °F) is often used. As the grain hydrates it swells to 1.3—1.4 times its original
volume. To prevent it packing tightly and wedging in the steep it may be loosened and
mixed by blowing air into the base of the steeping vessel. This also adds oxygen to the
steep liquor. The oxygen is rapidly taken up, both by the grain and by the microbes that
multiply on the grain and in the liquor. Material is leached from the grain and enzymes
from the microbes start to degrade the materials in the grain surface layers. Thus the
liquor contains an increasing number of microbes, microbial metabolites and dissolved
substances, it becomes yellow, gains a characteristic smell and may froth.

Some of the substances and the microbes in the liquor check grain germination.
Infestations of microbes are undesirable. They compete with the grain for oxygen and
reduce the percentage germination and germination vigour. Some produce plant growth
regulators (including gibberellins) which stimulate or inhibit malting, others may produce
mycotoxins which damage yeasts and/or are toxic to human beings. Some produce agents
which cause beer to gush (over-foam), they produce some hydrolytic enzymes which may
improve malt performance in the mash tun. Contamination with bacteria may give rise to
worts and beers which are hazy with suspended, dead microbes (Schwarz et al., 2002;
Walker et al., 1997).

Steep water, which checks grain germination and growth if re-used, is periodically
drained from the grain and replaced with fresh. The minimum acceptable number of
water changes are used since both the supply of fresh water and the disposal of steep
effluent are costly. Sterilants are not routinely used in steeps, but many substances,
including mineral acids, potassium and sodium hydroxides, potassium permanganate,
sodium metabisulphite, slaked lime water and slurried calcium carbonate and
formaldehyde, have been used, as has hydrogen peroxide. ‘Plug rinsing’ grain in the
steep by washing downwards with a layer of fresh water, (with or without hydrogen
peroxide or other substances), as the steep is drained is an economical possibility for
removing suspended microbes, their nutrients and other substances (Briggs, 2002).

To control the microbes which produce mycotoxins and gushing-promoting agents it
has been proposed that they should be swamped with ‘harmless’ microbes which will
outgrow the problem-causing species. Species investigated include lactobacilli and
strains of Geotrichum yeast (Boivin and Malanda,1998; Haikara et al., 1993; Laitila et
al., 1999). The results appear promising, but these microbes will also compete with the
grain for oxygen. Their use might be combined with a washing procedure (Briggs, 2002).

Air rests are used between steeps. After a steep has been drained air, which should be
humid and at the correct temperature, is sucked down through the grain. Such downward
ventilation, or ‘CO, extraction’, assists drainage, provides the grain with oxygen,
removes the growth-inhibiting carbon dioxide and removes some of the heat generated by
the metabolizing grain. In consequence, and in contrast to traditional practice, barley
leaving the steep has usually started to germinate. When the grain is immersed it is partly
anaerobic, and it ferments, forming carbon dioxide and alcohol (ethanol), a proportion of
which enters the steep liquor. Under such conditions the grain will not germinate. Under
aerobic conditions fermentation is repressed and germination can occur. During
immersions air may be blown into the base of a steep, providing some oxygen and
lifting and mixing the grain.

The onset of germination is indicated by the appearance of the small, white ‘chit’, the
root sheath (coleorhiza) that protrudes from the base of each germinated grain. At this
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stage the grain is transferred to a germination vessel (or floor in older maltings) or, if it is
in a steeping/germination vessel, the equipment will be set into the germination mode.
The grain grows, producing a tuft of rootlets (culms) at the base of the grain and, less
obviously, the coleoptile or ‘acrospire’ grows along the dorsal side of the grain, beneath
the husk. The extent of acrospire growth, expressed as a proportion of the length of the
grain, is used as an approximate guide to the advance of the malting process. Variations
in acrospire lengths indicate heterogeneity in growth. The living tissues respire and
carbon dioxide and water are generated resulting in a loss of dry matter. The energy
liberated supports growth and is liberated as heat.

Many hydrolytic enzymes, which are needed when malt is mashed, appear or increase in
amount. Some of these catalyse the physical modification of the starchy endosperm. In the
initial stages of germination these hydrolases are released from the scutellum. However,
after a short lag the embryo releases gibberellin hormones (GA| and GAj3, gibberellic acid).
These diffuse along the grain triggering the formation of some enzymes in the aleurone layer
and the release of these and other enzymes into the starchy endosperm. Here they join the
enzymes from the embryo in catalysing modification. As germination progresses the starchy
endosperm softens and becomes more easily ‘rubbed out’ between finger and thumb. When
the malt has been dried the modified material is easily crushed and ‘friable’, and is easily
roller-milled, in contrast to the tough barley. The stages of physical modification are the
progressive degradation of the cell walls of the starchy endosperm, which involves the
breakdown of the troublesome (-glucans and pentosans, followed by the partial degradation
of the protein within the cells and the partial or locally complete breakdown of some of the
starch granules, the small granules being attacked preferentially. The extent of breakdown is
limited by the availability of water.

Modification begins beneath the entire ‘face’ of the scutellum. In a proportion of
grains it advances more rapidly on the ventral side of the endosperm, adjacent to the sheaf
cells, while in others it advances roughly parallel to the face of the scutellum (Briggs,
1998). When enzymes from the aleurone layer have been produced modification
progresses more rapidly, particularly adjacent to the aleurone layer. Thus modification
begins adjacent to the embryo and advances towards the apex as germination proceeds. In
well-made malt only a small proportion of grains are undermodified, and contain large
amounts of undegraded (unmodified) starchy endosperm tissue. The products of
endosperm breakdown, sugars, amino acids, etc., together with materials from the
aleurone layer (phosphate, metal ions, etc.), diffuse through the endosperm and a
proportion support the metabolism of the living tissues, while the remainder accumulates.

The growth of the embryo is at first supported by its own reserve substances and later
by soluble materials from the modifying starchy endosperm, so there is a net migration of
materials into the embryo. The levels of soluble materials that accumulate are regulated
by the balance between their rates of formation in the endosperm and their rates of
utilization by the embryo. In the finished malt these materials may be estimated as the
cold water extract, CWE, or the ‘pre-formed solubles’. The accumulation, with time, of
enzymes and the physical modification of the grain, permit the increasingly greater
recovery of hot water extract up to a maximum value. When the acrospires have grown to
about 3/4 to 7/8 the length of the grain the hot water extract, the cold water extract and
the level of soluble nitrogenous substances cease to increase with increasing germination
time, and the fine-coarse extract difference has almost stopped decreasing although
friability is still increasing and the viscosity of grain extracts may still be declining.

Enzyme levels may or may not be increasing, depending on the malting conditions.
Usually germination is terminated at this stage by kilning. Longer germination periods
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waste malthouse capacity and result in extra malting losses. A correct dose of gibberellic
acid, GAj, which, when used, is usually applied at the end of steeping, accelerates the
growth of the embryo but stimulates most of the processes of modification relatively
more so that malt can be prepared more rapidly and in better yield. Where permitted the
excessive accumulation of soluble nitrogenous substances that can occur in GAs-treated
grain may be limited by the application of sodium or potassium bromate, which inhibits
the activity of some proteolytic enzymes. By checking the growth of rootlets this agent
also increases malt yields.

The processes that occur in germination are regulated by controlling the moisture
content of the grain, the quality of the grain and the temperature programme of the grain
during steeping and the germination period. Nearly all malt is made using ‘pneumatic’
malting plant in which the grain is ventilated with a stream of humidified and
temperature-adjusted air to remove excess heat and carbon dioxide and to supply oxygen.
In the UK, limited amounts of high-quality malts are still made by traditional floor
malting. From time to time the piece (batch) will be turned or stirred to separate the
grains by untangling the rootlets and allowing the easier passage of the conditioning
airflow.

Malting losses can be defined in several ways. If they are defined in terms of the losses
in dry weight, which occur when cleaned barley entering the steep is recovered as kilned
malt and has been de-culmed (dressed), then the losses sustained in making conventional
malts are usually in the ranges: steeping losses, 0.5—1.5%; germination losses,
3.5—7.5%; rootlets, 2.5—5.0%. These divisions are artificial, since some respiration
and growth occur in the steeping phase and in the initial stages of kilning. Rootlets are
sold, usually for use in animal feeds, but the cash value is less than that of an equal
weight of malt. Malting losses are larger when coloured malts are being produced.
Modification of the green malt is likely to be more extensive if it is to be used in making
darker malts. It will probably have been germinated with a relatively high moisture
content and will be rich in soluble sugars and soluble nitrogenous compounds that will
react during kilning to generate melanoidins, and so generates colours and characteristic
flavours and aromas.

Most modern kilns hold a bed of grain about one metre deep, (which is not turned
during kilning), through which a current of air is fan-driven from below. This air is heated
either directly, using low-NOx burners fuelled with oil or gas (which generate little or no
oxides of nitrogen), or indirectly by heat exchangers. Oxides of nitrogen are avoided to
prevent the formation of potentially harmful nitrosamines. When making pale malts the
airflow is rapid and the ‘air-on’ temperature is low during the initial, drying phase. As the
air rises through the bed of malt it becomes saturated with moisture and it is cooled by the
need to provide energy to evaporate the water. So above the drying zone the air is
saturated with moisture and the grain can continue to grow, generate enzymes and modify
while being warm. In the initial stages the air-on temperature may be about 50°C
(122°F), and the air-off temperature is around 25°C (77°F), which will be the
temperature of all the green malt above the top of the drying zone. To economize with
fuel this air should be passed through a heat exchanger to pre-heat incoming air. As the
outgoing air is cooled moisture condenses on the tubes of the heat exchanger, liberating
its heat of condensation, which is passed to the incoming air.

With the passage of time the drying zone extends upwards through the bed of malt
until it reaches the surface of the grain bed. At this time, at the ‘break point’, the relative
humidity of the ‘air-off” falls and the temperature rises. When this occurs the airflow is
reduced and the air-on temperature is increased to begin the curing (cooking) stage. As
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the malt dries the temperature is progressively increased to the maximum, ‘curing’
temperature. As the fuel used in kilning is costly, the procedure is adjusted to save heat.
During curing a progressively higher proportion of the air may be re-circulated.
Alternatively the hot air may be diverted to a second, ‘linked’ kiln in which the malt is in
the drying stage. Here it is mixed with more heated air to provide the large volume of air
required during drying. Many pale malts are cured at about 80 °C (176 °F), but some will
be ‘finished’ at higher temperatures, up to 105°C (221 °F).

While enzyme destruction occurs at these elevated temperatures some enzymes
survive provided that the malt has first been dried at low temperatures to a low moisture
content. Under these conditions colour formation is minimized. In the manufacture of
some coloured malts the temperature is increased while the grain is still comparatively
wet to promote the formation of free sugars and amino acids and the interaction of these
and other substances form the coloured melanoidins and flavoursome and aromatic
substances. In these malts enzyme levels are comparatively low and, in extreme cases,
enzyme destruction is complete.

Most special malts are now ‘finished’ in roasting drums. These metal cylinders may
have capacities ranging from 0.5t to 10t. As they turn the contents are mixed by internal
vanes and may be heated indirectly, by heating the outside of the drum, or directly, when
hot air is passed through the interior of the cylinder, drying the contents. Depending on
the malt being made a drum is loaded either with pale, kilned malt or green malt, and the
processing is varied. The cylinder is heated while rotating and the contents are subjected
to a carefully chosen temperature regime. The colour and physical state of the grain is
frequently checked on samples. At exactly the correct time heating is stopped, in some
instances water is sprayed into the cylinder, and the malt is withdrawn and cooled. Green
malt is usually used in making crystal or caramel malts (which are not all dark in colour)
while pale, kilned malts are used in making other types which vary in colour from amber
to black (Briggs, 1998 and Sections 2.2.5, 2.2.6).

After kilning malts are dressed (de-culmed or de-rooted and cleaned). The cooled malt
is agitated to break up the brittle rootlets and these, and dust, are separated by sieving and
aspiration with air currents. Pale malts are usually stored for 4—6 weeks before use when,
for unknown reasons, the brewing values often improve. Coloured and special malts
should be brewed with as soon as possible, because during storage their special aromas
(and perhaps flavours) decline. Malts are stored in ways intended to minimize the pickup
of moisture, and to exclude birds, rats, mice and insects. It is important to prevent malts
being mixed or being contaminated with un-malted barley during handling or storage. It
is impossible to make successive batches of malt that have precisely the same analysis.
Each batch should be stored separately and different batches should be blended so that the
mixture meets the brewer’s requirements. Different batches of malt made from one
variety of barley, in the same way and intended to meet the same specification can be
safely blended. Brewers take different views regarding what other blending is
permissible. Specifications may stipulate that no other blending should occur, while
others will accept blends of any varieties (even involving malts from two- and six-rowed
barleys) provided that the analyses of the mixture are as stipulated.

Before dispatch the malt will be cleaned by screening, aspiration, passage over
magnetic separators to remove fragments of iron, and (often) through a gravity separator/
de-stoner. Usually malt is delivered in bulk, (often 25t batches), but for export some
batches will be packed in very large sacks (1t capacity) which will be transported in
containers. Some maltings will provide smaller breweries with malt in smaller sacks that
are made with several layers of different materials and are strong and waterproof.
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Rootlets are usually sold for cattle feed. However, they have been used to provide
nutrients for microbial cultures and in making composts for growing mushrooms. Other
markets are being sought. Because of their low bulk density, inconvenience in handling
and a strong tendency to pick up moisture, rootlets are now usually pelletized, together
with malt and grain dust and sometimes with thin grains. Rootlets (culms, coombes,
cummins, malt sprouts) vary in their nature depending on what malt they came from and
in particular how strongly they were kilned (Briggs, 1978,). Commonly analyses are in
the ranges: non-protein extract, 35—50%; crude protein, 20—35%; ash, 6—8% and fibre,
9—15%. They are rich in low molecular weight nitrogenous substances and B vitamins.

2.2.3 Malting technology

Many types of malting plant are in use, but only the most common types will be
described. Malting is comparatively safe, provided that certain precautions are observed.
Some, sometimes unfamiliar, risks are due to carbon dioxide and to grain and malt dust.
As grain is steeped and germinated it liberates carbon dioxide. This heavy gas can ‘pool’,
so it is essential to check that vessels and confined spaces are ventilated before they are
entered. Dust must be confined and cleaned away not only because it becomes damp and
a breeding ground for insects and microbes, but also because when it is breathed it can
cause allergies and fungal lung infections and it can form explosive mixtures when mixed
with air. All handling equipment must be earthed (grounded) to prevent sparks, which
might trigger an explosion, and all conveyors, ducts, etc., should have explosion vents.

Modern malt factories process large batches of grain, (often 200—300t batches), and
the process stages are highly automated so that processing conditions are reproducible
and the manpower needed to produce each tonne of malt is minimized. In large maltings
grain is delivered in bulk, by ship or barge or train or lorry. Before unloading begins the
bulk should be inspected and sampled for analysis. When the quality has been agreed
unloading begins. Grain is usually sucked from the holds of vessels, and this pneumatic
system may be used to empty rail wagons or lorries, or these may be emptied under
gravity. Lorries usually unload into an intake pit by tipping or from a hopper. The grain
runs into the pit, which is ventilated to remove dust, and is equipped with a coarse
moving screen (sieve) to catch and remove coarse impurities such as straw and large
stones. Each lorry is weighed on to the site and off after unloading. The difference in
weights gives the amount of grain unloaded.

During malting grain will be moved several times. The equipment used varies, but will
usually include bucket elevators, helical screw conveyors (worms), belt conveyors and
chain and flight conveyors. Less usually the grain will be moved using pneumatic
conveyors. It is highly desirable that, to avoid cross-contamination, the equipment used to
move grain is entirely separate from that used to move malt. The freshly delivered barley
is conveyed to a ‘green grain’ bin for temporary storage. Here it will remain, usually
being ventilated with fresh air, until it can be precleaned and, if necessary, dried.
Precleaning involves rapid screening to remove gross impurities, such as sand, straw,
stones and string, which are either appreciably larger or smaller than the grains, and
aspiration with air to remove dust. The dust from this and other locations is trapped in
cyclones and textile-sleeve filters. The grain also passes over magnetic separators, which
retain iron and steel impurities.

In Northern Europe the grain usually needs to be dried (to 12% moisture, or less)
before it can be safely stored. Drying and pre-cleaning may be carried out before the
grain is delivered but, because of the risk of heat damage caused by inexpert drying, some
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maltsters do not allow this. The drying temperatures used are lower for more moist grain,
because wetter grain is more easily damaged by heat. Batch drying can be carried out in
malt kilns or in steeping, germination and kilning units (vessels; SGKVs) or in dedicated
batch driers. In these the grain rests on a perforated floor or deck and warm air is passed
through it, e.g., for eight hours, until the grain has been dried sufficiently. The grain then
may or may not be cooled, depending whether it is to be committed to long-term storage
or it is to be stored warm for a short period to overcome dormancy (i.e. to hasten post-
harvest maturation). In flow-through dryers the grain passes downwards under gravity in
a stream that is regulated by valves. The grain passes through a series of zones in which it
meets air at different temperatures and is successively warmed, dried and cooled. If there
is to be a period of warm storage the cooling may be limited or omitted, so that the grain
reaching store is at 30—40°C (86—104 °F), rather than 15°C (59 °F) or less, which is
desirable for long-term storage.

The dried grain may now be thoroughly cleaned either immediately or after warm
storage. This process is less rushed than pre-cleaning and so is more thorough. The grain
is screened to remove thin corns and sometimes it is graded into size classes (e.g., above
and below 2.5 mm width), which are malted separately. The screens used may be flat and
oscillate horizontally or they may be rotating cylinders. At present the quality of the grain
on delivery in the UK is so good that apart from aspiration, screening and passage over
magnetic separators, this is all the cleaning required. However, with less clean samples it
may be necessary to remove light impurities with air classification and foreign seeds and
broken grains with Trieur cylinders or Carter-Simon disc separators (Briggs, 1998). The
clean barley may be stored in flat-bed stores, bins or silos. If storage is to be for an
extended period then the grain can be treated with an approved insecticide. If the grain is
held relatively moist (> 12%) it will have to be ventilated. At a 12% moisture content
grain can be stored for some months at or below 15°C, but for periods over about six
months a moisture content of 10% is safer. Stores must be regularly inspected for signs of
insect infestation and fungal attack and depredations by birds or rodents. The temperature
of the grain, determined by probes positioned at various sites and depths, should be
recorded weekly and any undue increase acted on as a sign of deterioration.

Grain is weighed on its way to the steep(s). If abrasion (limited physical battering or
rubbing the grains together) is to be employed this is carried out in advance of steeping as
grain can be treated at rates of only 10—12 t/h and malting batch sizes are often as high as
300t, and so this amount of treated grain must be accumulated before steeping can begin.
Historically, steeps were barrels or shallow troughs in which grain rested, under water, at
depths of 1-21ft. (0.31—0.62m). Numerous patterns of steeping vessels have been used.
Those preferred now are either flat-bed or conical-bottomed steeps. Flat-bed steeps are
circular in plan view, and the grain is supported on a perforated deck above the true base, so
there is a plenum beneath the deck. For a 200 t batch size the steep might have a diameter of
15m (49.2 ft.; Gibson, 1989). Initial depths (before the grain swells) may be 1.5—1.8 m
(approx. 4.9—5.9 ft.). Grain is loaded in from above, dropping through sprays of water that
quench the dust, falling into water. The bed is levelled with a rotating spreader, called a
giracleur. Air may be blown in beneath the deck while the grain is immersed, and in dry
periods air may be sucked down through the grain. The steeped grain is discharged through
ports impelled by the giracleur. Such steeps allow relatively even grain treatment, since the
bed depth is comparatively shallow, but the water used to fill the plenum is ‘waste’ and so
effluent volumes are large. In addition it is difficult to keep the plenum chamber clean.

Newer maltings usually employ various types of conical-bottomed steeps. As each
steep should contain less than 50t, to avoid deep cones with excessively high pressures
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on the grain in the cone base, a set of steeps is required for each batch of grain. Typically
each steep consists of a vertical cylinder, closed below with a cone. Grain is loaded into
each steep from above. The base of the cone contains a valve that retains the grain and
water, a perforated zone through which the water can be drained while the grain is
retained, an outlet through which air can be drawn during CO, extraction during air rests
and inlets through which compressed air can be supplied when the grain is being aerated
when under water. Such steeps are ‘self-emptying’. The cone angle is sufficiently acute to
ensure that when the valve is opened the grain falls out in to a conveyor. This is one way
of ‘dry-casting’ the grain. An alternative method is to ‘wet-cast’ the grain, pumping it to
the germination compartment slurried in water. In steep-germination and steep-
germination-kilning vessels (SGVs and SGKVs) no transfer is required. If additives,
such as gibberellic acid and/or sodium bromate are to be added it is convenient and
economic to spray on solutions as the grain is conveyed from the steep.

In floor malting the steeped grain is spread on a floor in a room having a cool, humid
atmosphere. Germination is controlled by turning the ‘piece’ (batch) and thickening or
thinning the layer of grain to allow temperature rises or falls as needed. Fine malts can be
made in this way, but only in small quantities (ca. 10t/batch) and with substantial
manpower. Modern maltings are of the pneumatic type, in which the grain is turned
mechanically and the grain temperature is controlled by forcing a stream of attemperated
and water-saturated air through a bed of grain. Newer germination vessels are usually
rectangular ‘Saladin boxes’ or circular compartments. In these vessels steeped grain is
formed into a bed, usually 0.6—1.0m (approx. 2.0—3.3 ft.) deep. The grain rests on a
perforated deck, through which the conditioning airflow is driven. Some of the air is
recirculated and mixed with fresh air. The air is driven by a fan and is usually humidified by
passage through sprays of water. Air temperature may be controlled, by regulating the water
temperature, sometimes augmented with heating or cooling by heat exchangers. The grain
lifted and partly mixed, and the rootlets are separated by passing a row of vertical, contra-
rotating helical screws through the bed. The bed is ‘lightened’ and the resistance to the
airflow is reduced. Bed temperatures of 15—19°C (59—66.2°F) are common, with
temperature differentials between the top and bottom of the bed of 2—3 °C (3.6—5.4 °F). The
turner arrays are usually fitted with sprays to allow the grain to be moistened.

In some plants the grain is first germinated in a circular, stainless-steel lined vessel,
then it is transferred to a germination and kilning unit (or vessel; GKV). When
germination is sufficiently advanced the cool airflow, which may or may not be
humidified, is discontinued and hot air is supplied from a furnace or heat exchanger. In
old kilns the malt was dried in thin layers and with periodic turning. In modern kilns the
grain beds are relatively deep and are not turned. The kilns may be directly or indirectly
heated. They are instrumented so that correct temperature differentials are maintained
between the air-on and the air-off and that at the break point the airflow is reduced and
subsequent air re-circulation, temperatures and flow rates are correct. As noted before,
heat should be conserved by ‘linking’ kilns and/or using heat exchangers. Further heat
can be recovered from the outgoing air by using a heat pump, but at present this is not
economic because the capital and maintenance costs are high.

2.2.4 Malt analyses

Malt analyses are carried out according to one of the several sets of agreed methods
(Section 1.15.1, p. 9). As with barley, analysis of a malt lot is useless unless the samples
used are properly drawn and handled. Because of differences between the methods, both
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in the conditions and calculations used, the results obtained often differ, both in the
values obtained and the ways in which the results are expressed. Some of the most
important methods will be discussed. Others are considered elsewhere (Briggs, 1987;
1998). The moisture contents of malts are usually in the range 1.5—6%, expressed on a
fresh weight (fr. wt.; as is) basis. Primary analyses are by oven-drying methods, but NIR
(near infra-red) analysis is the usual, more rapid, secondary method. Brewers normally
specify an upper moisture limit. Because malt is hygroscopic it will normally have a
lower value when dispatched, to allow for moisture uptake while in transit. Brewers use
malt ‘as is’, and so they pay attention to the extract of the undried malt. However, for
comparative purposes extracts are mostly given on a dry weight basis (on dry). A malt
sample must not contain more than a certain percentage of thin corns, because thin corns
are not broken up in mills with rollers set relatively far apart to achieve a coarse grist.
When malt is hammer milled this consideration does not apply. Cold water extracts
(CWE) are used by some ale brewers. The value of this determination is disputed. The
grain is ground and extracted at 20 °C (68 °F) with water made alkaline with ammonia (to
inactivate enzymes). The specific gravity of the extract is a measure of the ‘preformed
soluble substances’ present in the malt. Departure from customary values warns that the
malt lot is different from its predecessors.

The hot water extract or extract (HWE or E) value is the single most important
measurement in judging malt quality. The HWE method used by the loB was designed
for use by traditional ale brewers, and involves an isothermal laboratory mash (65 °C;
149 °F) made with distilled water and a comparatively coarsely ground grist. After one
hour the mash is cooled and adjusted to either a volume of 515 ml or to a weight of 450 g
and the specific gravity of the liquid, obtained by filtration, is measured at 20 °C (68 °F).
Using the appropriate formula the extract is calculated from the excess specific gravity
(i.e., the gravity x 1000 above water, taken as 1000.00 at 20 °C (68 °F)) as litre-degrees/
kg malt (1°/kg). Sometimes the HWE of a finely ground grist is also determined. Extract
is obtained in greater yields from finely ground malt and the smaller the fine-coarse (f.-c.)
extract difference the better the malt is modified. Because this value is the difference
between two large numbers and is small relative to the errors involved in measuring the
extracts, the determination must be replicated to obtain a reliable value, which is
laborious. Another ‘non-standard’ proposal is to use the difference in extract yield from a
fine grind mash and a concentrated, very coarse grind mash, This ‘f.-c. conc.-extract
difference’ method gives larger differences than the f.-c. grind method and appears to be
an improvement on it, the values obtained being inversely related to extract recoveries in
a brewery (Bourne and Wheeler, 1982; Briggs, 1998).

The determination of extract, E, by the EBC and the very similar ASBC methods
differs considerably from the IoB method. They were developed for traditional lager
brewers but the temperature programme used does not resemble that of most old lager
breweries or that of breweries which employ temperature programmed mashing. In the
EBC method finely ground malt is mashed in at a low temperature (45 °C; 113 °F), with
continuous stirring. The temperature is then increased, at 1°C (1.8 °F)/min., until it
reaches 70 °C (158 °F). This temperature is now maintained and more water, also at 70 °C,
is added. After one hour, during which the ‘saccharification time’ is determined (see page
24), the mash is cooled and adjusted to 450g. The specific gravity of the wort is
determined. Using tables that relate the strengths of sucrose solutions with their specific
gravities, the weight of extract in the laboratory wort is calculated, assuming that the
dissolved extract solids change the specific gravity to the same extent as sucrose. The
EBC method uses Plato’s tables while the ASBC method uses Balling’s tables
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(Appendix). The extract of the malt is expressed as a percentage (%). This calculation
makes some unwarranted assumptions, so the values are unreliable in absolute terms, but
it gives useful relative values. There are no conversion factors that allow the calculation
of extracts determined by one method to be accurately expressed as the extracts
determined by another method, even though the results are roughly correlated. Extracts of
pale malts determined by the EBC method are usually in the range 77—83%, (on dry),
while values for the IoB method are usually 300—310 1°/kg (on dry). Similarly the typical
ranges for darker, malts are 75—78% and 255—285 1°/kg respectively. Sorghum malts,
which are used to make pale lager-style beers in tropical Africa as well as opaque
African-style beers, are not reliably analysed by the extract determination methods
developed for barley malts, because the gelatinization temperature of sorghum starch is
higher than that of barley (see Table 2.3 on page 38).

Various special, but apparently unstandardized, analytical mashing programmes are in
use (Briggs, 1998). The laboratory mashes differ from brewery mashes in a number of
important ways. Unlike brewery mashing liquor the water used is distilled and contains
no salts, nor is the mash pH adjusted. Also the grist is prepared by using mills that work
differently from brewery mills. The laboratory mashes are dilute compared to brewery
mashes and at the end of mashing the grist is not sparged with hot water. Several attempts
have been made to devise more ‘brewery-like’ laboratory mashes, but they have not been
accepted. Each brewer discovers the relationship between a malt’s ‘lab. extract’ and the
extract recovered from this malt in the brewery. The extract determinations described
apply to pale malts. Different methods are necessary for special, highly coloured malts
that lack enzymes. For example a 50:50 mix of a coloured malt with an enzyme-rich pale
malt may be mashed and the extract of the coloured malt is calculated, making the
assumption that the pale malt gives half of the extract it yields when mashed alone.

More information is gained from analysing the mash and laboratory worts. The rate of
wort filtration from a laboratory mash does not give a good indication of the brewery
wort run off. ‘Mashing columns’ are needed to achieve this, and these devices are not
suitable for routine analyses (e.g., Webster, 1981). Wort colours are determined in
different ways, either visually with colour comparators, or at a single wavelength, or at
three different wavelengths (the tri-stimulus method, Chapter 19) using a spectro-
photometer. All these approaches have limitations since extracts from different malts not
only differ in colour intensity but also in their spectral characteristics. Because worts
darken to various extents during the hop-boil it is sometimes desirable to measure the
colours of boiled laboratory worts. One problem with the IoB methods is that the wort
from the 450 g mash is more concentrated, and therefore more deeply coloured, than that
from the 515 ml mash, and so the mashing method employed must be stated when results
are given.

The pH of wort is often routinely recorded. The values obtained vary with the type of
malt. Unusually acid wort (low pH) can be caused by a heavy infestation of microbes on
the malt (Stars et al., 1993).

Malts are analysed for their nitrogen (‘protein’) contents and the laboratory worts are
also analysed for dissolved nitrogenous materials. The values are expressed as nitrogen,
N, in the ToB methods and as ‘protein’ (crude protein = 6.25 x N) in the EBC and ASBC
methods. Because of the differences in the mashing conditions the last two mashes
generally give more soluble nitrogen in the worts than the IoB method. Brewers are
concerned that a malt has a total nitrogen (TN; ‘protein’) content in the specified range
since, outside this range, the wort obtained may differ significantly in quality and there
may be problems with extract recovery.
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Total soluble nitrogen (TSN) and free amino nitrogen (FAN) values are determined.
The TSN needs to be sufficiently high so that the ‘body’ and mouth-feel of the beer is
adequate, and the beer foam (or ‘head’) will be stable. The soluble nitrogen ratio (SNR;
TSN/TN) of the malt (or the soluble protein ratio or Kolbach Index of the ASBC and
EBC methods (in each case soluble protein/total protein) serve as measures of
modification and a value is often included in malt specifications. FAN values (chiefly
amino acids and small peptides) must be sufficiently high to ensure that lack of
nitrogenous yeast nutrients does not limit fermentation. FAN has been determined by
different methods, which gave different results, so it is essential that the method used is
specified.

Previously, nitrogenous yeast nutrients were assayed as ‘formol-nitrogen’. Over the years
the preferred nitrogen contents for British pale ale malts have risen from around 1.3—1.45%
to around 1.65%. Perhaps this is due in part to newer varieties of barley and changed brewing
practices. For enzyme-rich malts, needed with high-adjunct brews as in some North
American breweries, TN values of 2.2% (13.8% protein) or more may be preferred. In the
past, other measures were made such as permanently soluble nitrogen (PSN) and coagulable
nitrogen, respectively the nitrogen in the substances remaining in the wort and those
precipitated when the wort was boiled. This method has fallen out of use.

In EBC analysis the time in minutes taken after the mash has reached 70 °C (158 °F)
for samples to stop giving a positive iodine test for starch is recorded as the
‘saccharification time’. This is really a rough measure of the time taken for the starch to
be dextrinized, and is largely dependent on the a-amylase content of the malt. The odour
of the mash is noted as, less usually, is the flavour. Both should be normal for the type of
malt being analysed. The appearance of the wort is noted, whether it is clear, opalescent
or turbid. The activity of the mixture of the starch-degrading enzymes in malt is estimated
as the ‘diastatic power’, or DP. The enzymes are collectively referred to as diastase. In
principle, soluble starch is incubated with a malt extract and the degree of starch
breakdown is estimated after a period of incubation at a controlled temperature. The
results are not highly reproducible and represent the joint activities of several enzymes
that are present in different proportions in different malts. Results are expressed in
different units including °L (degrees Lintner) and *W-K (Windisch-Kolbach units). The
values indicate to brewers if the enzyme content of a malt is adequate.

The level of a-amylase in malt extracts is determined by one of several methods. The
level of activity of this enzyme must be adequate if the starch from adjuncts is to be
liquefied in a mash. The ratio of fermentable to non-fermentable sugars is largely
regulated by the activities of the diastatic enzymes during mashing. The fermentabilities
of worts should be constant when brewing a particular beer. Analytically the
fermentabilities of the HWE or E worts may be determined. However, the fermentability
of these worts increases with storage time as malt enzymes that have survived the
mashing process continue to break down dextrins to simpler, fermentable sugars. Thus
laboratory wort should be boiled to inactivate the enzymes (as occurs in the hop-boil).
Then it is inoculated with a pure yeast and it is incubated under anaerobic conditions until
fermentation is complete. The fall in the specific gravity of the wort allows the
calculation of the attenuation limit of the wort and its fermentability (Chapter 4).

When malts contain substantial levels of (-glucans modification is incomplete and
the polysaccharide itself may cause problems in the brewhouse. The 8-glucans may be
assayed using methods based on enzymes degrading them to glucose, which is measured,
or by the fluorescence of the complex between the polysacchride and the reagent
Calcofluor. The activity of the enzymes in malt that degrade (-glucans, the (-
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glucanases, are measured either by following the decline in viscosity of a solution of (-
glucan incubated with an extract of malt containing the enzyme, or by following the
breakdown of an artificial substrate, a colour-labelled (-glucan. Under some
circumstances it is desirable that malts should contain adequate levels of this enzyme,
which is readily inactivated when green malt is kilned using any except the lowest
temperatures. Other substances that may be estimated include the dimethyl sulphide
precursor (DMS-P), which is S-methyl methionine (SMM), and N-nitrosodimethylamine
(NDMA). Different styles of beer require different amounts of dimethyl sulphide in the
final product. As the precursor can be destroyed during kilning it is important that its
levels are regulated. NDMA, and other less volatile nitrosamines, are suspected of being
carcinogens. When discovered, high levels of NDMA were found in malts, particularly
those from directly fired kilns. However the precautions now taken ensure that the
amounts present are usually below the levels of detection. The levels of NDMA are still
monitored.

The growth of acrospires roughly parallels the advance of modification in malting
grains. The evaluation of acrospire growth in grains in a sample of malt can indicate that
a malt has been made with irregularly germinated material or that good and less good
malts have been mixed. In North American practice the acrospire lengths of corns in a
sample of malt are classified, by length relative to corn length, as 0—0.25, 0.25—0.50,
0.50—0.75, 0.75—1.0 and over 1. Grains in which the acrospire has grown out from
beneath the husk, i.e., over 1.0 in length (so-called overgrown corns, huzzars, cockspurs
or bolters) are undesirable in most kinds of malt as they are deficient in extract.
However, overgrown malts may be relatively rich in enzymes. Specifications may call
for 86—95% of acrospires to fall in the 0.75—1.0 category and less than 5% to be
overgrown (1+).

The physical modification of malt grains is traditionally assessed by crushing a series
of corns between finger and thumb. Well-modified grains crush to a powder while the
presence of ‘hard ends’ indicates that the apices are not modified and completely hard
grains are unmodified. A number of other methods have been used. In the traditional
‘sinker test’ a handful of malt corns is thrown into water. Barley corns sink, fully
modified malt corns float horizontally and partly modified corns float with the apical
ends downwards. This test is unreliable. The resistance of malt corns to grinding has been
measured, as has the resistance of corns to cutting or penetration by blunt needles.

A device that has achieved wide acceptance is the Friabilimeter. In this a 50 g sample
of malt is broken up between a rotating wire sieve and a spring-loaded roller. The friable
material and the husk fragments escape through the sieve, and the material remaining
after a set period is weighed. The friability is the percentage (by weight) of material that
passes through the sieve. Investigation of material remaining on the sieve can be
informative and can indicate if the malt corns generally contain unmodified material or if
a substantial proportion of wholly unmodified grains is present. From this an estimate of
the homogeneity of the malt can be made. Other approaches give indications of the
patterns of modification that have occurred. Samples of malt are stuck to a flat support
and a proportion of the grains is ground away with a mechanical sander. In one method
the exposed grain interiors are treated to suppress autofluorescence and then they are
treated with Calcofluor. Under UV light this fluoresces when associated with the (-
glucans in the unmodified regions of the endosperm cell walls but there is no
fluorescence in the modified regions. Thus the percentage area modified in each exposed
area of endosperm can be assessed, preferably with a specialized automatic scanner. In
the other method about 0.25% of the grains is sanded away and then they are exposed to



26 Brewing: science and practice

an alcoholic solution of the dye methylene blue. This penetrates only into the modified
regions of the grain. The stained grains are dried and are sanded further. The blue regions
of the endosperm are modified and the white regions are not. Again, the relative areas
modified can be estimated. This data allows the degree of modification and its
heterogeneity to be estimated.

The values for ‘nitrogen modification’ (SNR; Kolbach Index) do not always parallel
the estimates of physical modification, and indeed the relationships between the two can
differ to an important extent when different varieties of barley are malted in parallel.
Brewers do not want undermodified or overmodified malt. With undermodified malts
extract recoveries in the brewery are unduly low, wort separation can be slow, the worts
obtained may be cloudy, the hot break may form poorly, the wort may have a low
fermentability and ferment slowly, the beer may be difficult to filter and the filters may
become blocked quickly causing high pressures to build up and giving short filtration
runs. Finally the beers may quickly become hazy. In extreme cases [-glucan gels may
form and deposit. On the other hand overmodified malts have their disadvantages. Malt
breakage and losses (as dust) are high and wort separation may be slowed by the large
proportion of fine particles in the grist. Head retention may be poor, and yeast growth can
be wastefully excessive. The hot and cold breaks may be heavy, the wort may contain
finely divided material that is hard to remove by filtration and, because of the excessive
levels of reducing sugars and amino acids present, the wort may darken too much on
boiling, due to the formation of melanoidins.

From time to time other analyses may be performed. Thus levels of arsenic, lead,
cadmium and iron may be determined to check for the absence of contamination. Zinc
can be measured but, as there is no clear relationship between this and the amount of zinc
available to the yeast in the wort, this is rarely done. Levels of microbes, especially
Fusaria, may be determined and several tests for agents causing gushing have been
devised (Donhauser et al., 1991; Vaag et al., 1993). Sometimes samples may be analysed
for halogenated contaminants (such as chlorinated substances), or residues of insecticides
or agricultural chemicals. Where the use of added gibberellic acid is forbidden residues of
this substance may be sought on the malt’s surface. As this substance occurs naturally
within the grains the results of such tests must be suspect.

2.2.5 Types of kilned malt

Malt types are not clearly distinct. The descriptions given here are representative.
Different breweries specify distinctly different malts giving them the same title (‘pale
lager’, mild, ale, etc.). The question of what constitutes a sensible malt specification is
discussed later. Extensive sets of malt analyses are available (Briggs, 1998; Narziss,
1976; 1991). In this chapter malts are described with emphasis on the aspects most of
interest to brewers. Where the use of adjuncts is forbidden, as by the German
Reinheitsgebot, chit malts and short grown malts may be used. These are less expensive
to produce than ‘normal’ malts. They retain some raw grain characteristics and have
some of the advantages that are gained from using unmalted grains as adjuncts. These
malts are made by steeping barley to a low moisture content and then, either as soon as
the grain has chitted or after a short period of germination, the ‘green malt’ is dried at a
low temperature. The malting losses occurring in making these materials are small and,
because of their low moisture contents, they are comparatively inexpensive to kiln. The
products have moisture contents of 2—5% and contain some hydrolytic enzymes but the
endosperms are incompletely modified. Their Kolbach indices are low and extracts may
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be 77—80% (on dry, EBC) with fine-coarse extract differences of 6—12%. These malts
provide less expensive extract and better beer foam stability than conventional malts, but
they enhance wort and beer viscosity, slow wort separation and reduce the rate of beer
filtration and the length of filter runs. Short grown green malts have been flaked before
use, without being kilned, which facilitates extract recovery but destroys the enzymes
originally present.

Kilning is expensive, so attempts have been made to brew with green, unkilned malt.
This material is unstable and must be used as soon as it is ready. It is exceptionally rich in
enzymes and yields highly fermentable, proanthocyanidin-poor wort with a good extract.
Its high content of hydrolytic enzymes allow it to convert a high proportion of adjuncts in
mashes (Briggs et al., 1981). This material has rarely been used both because of its
instability and because it imparts unpleasant flavours in the finished beers. Roots remain
attached to green malts. A compromise would be to have malts dried at a low temperature
to 7—8% moisture. Roots can be removed from such material, which can be stored for
some weeks. It contains high levels of hydrolytic enzymes and, because less intensive
drying is needed on the kiln, is less expensive to produce than normally kilned malt. Such
material seems not to give unwanted flavours to beers. Despite these advantages such
malt is apparently not in use.

Lager beers are widely produced, and all malts making these beers are, by definition,
lager malts. In Germany, where most beers are lagers, the palest to the darkest malts are
lager malts. In the UK lager malts and lager beers are all pale. In North America the
lager-style beers are usually brewed using high levels of unmalted adjuncts in the mash
and so the malts used differ significantly from European lager malts. The characteristics
of European lager malts have changed during the last century, and the differences
between British pale ale malts and lager malts have become indistinct. North American
malts may be made from two- or six-row barleys or mixtures of both. In general their
nitrogen contents are high (TN 1.7—2.3%; 10.6—14.4% protein), with soluble to total
protein ratios of 43—48% and high levels of FAN, and hydrolytic enzymes (DU values of
30—45 or even 50 for a-amylase), all characteristics needed with adjunct-rich mashes.
The high nitrogen contents are associated with lower extracts (77—81% on dry) but this is
of less significance when so much of the extract is derived from adjuncts. Such malts are
pale (1.4—1.9 °Lovibond) and have moisture contents of 3.7—4.3%.

The palest of the European products are Pilsen malts (Pilsener Malz). In the past these
were undermodified but now they are fully modified and are prepared from barleys
having moderate nitrogen contents. They are kilned at low temperatures to minimize
colour formation. Typical analyses are E, at least 81% (EBC, on dry), fine-coarse extract
difference 1—2%; TN, 1.68 (10.5% protein); Kolbach index 38 —42%; moisture less than
4.5%; a-amylase 40 DU; DP 240—300 °W.-K.; saccharification time 10—15 min.; colour,
2.5—3.4°EBC; boiled wort colour, 4.2—6.2 °EBC; wort pH, 5.9—6.0. Helles (pale; light)
malts are rather similar, but are made from barleys richer in nitrogen. British lager malts
are all pale and well modified. Analyses are usually in the ranges: HWE 300—310 1°kg
(on dry), TN, 1.55—1.75%; TSN, 0.5—0.7%; SNR, 31—41%; DP, not more than 70 °IloB;
moisture less than 4.5%; saccharification time less that 15 minutes. Colour may be
3.0°EBC. Because of the low temperatures used in kilning lager malts (finishing curing at
e.g., 70°C; 158 °F) are rich in enzymes and so sometimes give slightly higher extracts
than pale ale malts, which are cured at higher temperatures (finishing at 95—105 °C;
203—221°F), and have more characteristic flavours but lower enzyme activities.

In the last 50—60 years the moisture contents of the best pale ale malts have been
allowed to rise from 1.5% to a maximum of 3% and preferred TN values have increased
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from as little as 1.35% to around 1.65%. Other preferred current analyses are: HWE,
306—310 1°kg (on dry); TN from less than 1.55% to less that 1.70%; TSN, 0.5—0.7%;
SNR, 31-42%; FAN, 0.1-0.12%; CWE, 18-22%, colour 4—6°EBC; and DP,
44—065°ToB. The malt will have a high friability. Many ale and lager malts are made
to meet customers’ particular specifications. However, it is more economical for
maltsters to make larger volumes of ‘standard’ malt having specifications close to those
of many of their customers and offer these at lower prices. The ‘standard malts’ from
different suppliers have different specifications and these are likely to change when
barley quality changes. Mild ale malts are generally made from lower-quality barleys and
will be slightly less well modified and will be more strongly coloured than pale ale malts.
A representative mild malt might have a HWE of 305 1°kg (on dry), and a fine-coarse
extract difference of about 5 19kg; a moisture content of 3.5%; CWE, 18—21%; TN,
1.55—1.75%; TSN, 0.6—0.7%; SNR, 36—40%. DP, 40—60; colour, 6—9°EBC. Thus in
UK malts the colours increase as one progresses from lager to pale ale to mild.

In German practice the next type is Viennese malt (Wiener Malz), which is used for
making ‘golden’ lagers. This is made from normally modified green malt kilned to a final
temperature of about 90°C (194 °F), giving a colour of 5.5—6.0°EBC. Munich malt
(Miinchener Malz) is relatively dark, very well modified and aromatic and is made by
germinating nitrogen-rich barley, steeped to a high moisture content, so that it is well
grown (all acrospires at least three-quarters grown) and finishing germination warm, at
25°C (77°F). Kilning involves some stewing and curing is finished at 100—105°C
(212-221 °F), conditions causing appreciable enzyme destruction. This malt has a colour
of 15—25°EBC. The wort is rich in melanoidin precursors and darkens on boiling, e.g.,
from 15 to 25°EBC. Other typical analyses are: E, 80%, (on dry); fine-coarse extract
difference 2—3%; total protein 11.5% (TN, 1.84%); Kolbach index, 38—40%:;
saccharification time, 20—30 min.; wort fermentability, about 75% (compared to wort
from Pilsen malt of about 81%). a-Amylase and DP values are low, at 30 DU and
140°W.-K. respectively. Analyses of a British made, Munich-style malt are: HWE, 300
1°/kg, (on dry); moisture 4.5%; TN, less than 1.65%, TSN less than 0.65%, colour about
15°EBC and DP at least 30 °[oB.

Brumalt (Briihmalz) is an even darker German malt, which is made by steeping a
nitrogen-rich barley (e.g., TN 1.84%; protein 11.5%) and germinating it at an
exceptionally high moisture content, about 48%. When the grain is well grown it is
held in a closed container for, say, 36 hours so that the oxygen is used up and carbon
dioxide accumulates. The temperature rises to 40—50°C (104—122°F) and the grain
contents soften and become pulpy and rich in reducing sugars and amino acids. These
melanoidin precursors interact when the green malt is kilned, at 80—90 °C (176—194 °F),
to give a highly aromatic and melanoidin-rich material with a high colour, usually of
30—40°EBC. Such malt gives characteristic rich flavours to beers and these are said to be
stabilized by the reductones from the malt. Sometimes this general kind of material is
called rH malt or melanoidin malt.

Some malts are made from barleys lacking proanthocyanidins (anthocyanogens;
Briggs, 1998; Sole, 2000). The absence of the polyphenolic haze precursors means that
beers made from these malts and using polyphenol-free hop extracts are unlikely to
become hazy. Other ‘conventional’ malts are in use. Some special beers are brewed using
a proportion of smoked malt (Rauch Malz) to gain a ‘smoky’ flavour, but these contain
elevated levels of NDMA. Such flavours were once common, when malts were all kilned
using direct-fired, wood-burning kilns. Now the smoke from a wood-burning furnace is
led into the hot stream of air entering the bed of green malt on the kiln.
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Acid- or lactic-malts have been used sporadically in the UK and more frequently in
Germany to adjust the mash pH. Originally they were used to offset the effects of
bicarbonate-rich mashing liquor. These malts carry 2—4% of non-volatile lactic acid.
They are made in several different ways, for example by steeping or spraying green malt
with solutions of biologically prepared lactic acid during germination and before kilning.
Application of lactic acid to germinating green malt can check rootlet growth and the rise
in malting losses and favour the accumulation of soluble nitrogenous substances. In
another system pale malt is steeped in water at 45—47°C (113—116.6 °F) for an extended
period. Sugars are leached into solution and thermophilic lactic acid bacteria convert
much of them to lactic acid. The grain is re-dried, and the acidic steeping water is re-
used. The use of such malts (as 5—10% of the grist) lowers mash pH and, at least with
some of these malts, the CWE is increased as is the HWE, the TSN and the FAN. A
typical analysis (IoB) is HWE, over 297 1°kg (on dry); moisture, 5—6%; TSN,
0.8—1.2%; colour, 10—25 °EBC; lactic acid, 2.1—2.5%. Such malts are often used where
the addition of chemically prepared acids for pH adjustment is forbidden.

Some brewers prefer to add lactic acid, prepared biologically from wort (using
Lactobacillus delbriickii), for mash pH adjustment. Various other materials have been
added to malts. For example, added formaldehyde was not readily detectable, but beers
made from such malt were low in proanthocyanidins and unlikely to form non-biological
haze. In the Belmalt process green malt was sprayed with a solution of glucose syrup
(3.5kg/100 kg original barley) some hours before kilning. The malts were more acid and
gave higher extracts and levels of soluble nitrogen than controls and the worts had higher
attenuation limits. Residual glucose would account for the higher extract and
fermentability and the conversion of some of the glucose to lactic acid by bacteria on
the grain would cause mash acidification and so increase the TSN. Gum arabic has been
sprayed onto malts to increase the head retention of beers made from them. Solutions of
thermostable enzymes, probably including amylase and §-glucanase, have been applied
to malts, presumably to enhance their apparent quality. These enzymes will not penetrate
into the interiors of grains and so must exert their effects when carried forward into the
mash. Generally it is better for brewers to keep these kinds of additions under their own
control and make them at mashing or later in brewing.

Malts are made from cereals other than barley (Briggs, 1998; Byrne ef al., 1993;
Narziss, 1976; Taylor and Boxall, 1999). Wheat malts are generally pale, although dark
wheat malts are ‘made to order’. In mainland Europe wheat malts make up the major
parts of the grists (up to 80%) of special beers, including the German top-fermented
Weissbier (white beer) and Weizenbier (wheat beer). In the UK small amounts of wheat
malt (3—10%) may be included in grists to improve the foam formation and head
retention of the beers. Other benefits claimed are improved beer clarity and palate-
fullness. The flavour of wheat extract is relatively ‘neutral’. Wheat malts tend to be
undermodified and their inclusion in the mash can lead to slower wort run off and
sometimes fining problems in beers. Wheat has a naked grain, so it is easily damaged
during handling and the acrospire (coleoptile) is not protected by a husk during
germination. Water uptake is rapid during steeping. Usually soft wheats (TN less than
1.9%) are malted and, like barley, they will respond to applications of gibberellic acid.
Because of the absence of husk, which yields no extract, extracts of wheat malts can be
relatively high, e.g., 328 1°kg (on dry), 86%. Wheat malts may have moisture contents of
5%, colours of 2—6 °EBC; a TN of 1.87%, an SNR of 38—40%, a Kolbach index of up to
or over 50%, and high levels of diastatic enzymes. Rye varieties have thin, naked grains
and the malts made from them can confer unusual flavours (toffee, caramel) to beers,
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with changes to the mouth-feel (palate; smoother; more mellow) and a slight
improvement in head retention. Rye malt may give a red tinge to beer. Rye varieties
differ greatly in their suitability for making malts. Compared to barley the thin, naked
grain takes up water quickly. Pale rye malts (2—8 °EBC) have exceptionally high but
variable extracts (about 315 1%kg, on dry, even 85—90% EBC) and very varied nitrogen
contents (1.2—2.3%) and varied levels of diastatic enzymes. The malts are only
occasionally used in special beers.

Malts have been made from the ‘synthetic’ wheat-rye hybrid triticale (Triticosecale)
which, like its parents, has naked grains and takes up water rapidly during steeping.
There are wide varietal differences in the malting quality of triticale cultivars. Although
extracts can be very high (values of 335 1°kg, (on dry) and 88—90% EBC have been
reported) yet triticale malts are not used, possibly because the grain has a tendency to
have high TN values and the malts yield hazy worts rich in soluble nitrogen, including
suspended and finely divided protein largely derived from prolamines. The worts are
very viscous because of dissolved pentosans (Blanchflower and Briggs, 1991; Byrne et
al., 1993). When milled, triticale malts give rise to a fine flour which impedes wort
separation. In the past, stouts were made with high proportions of oat malts in the grists.
The reasons for using oat malts are not clear and fermentation problems (foaming
fermentations and cloudy worts) were often encountered. However, the high husk
content of oats meant that the ‘husky’ grist favoured wort run off at the end of mashing.
Small amounts of oat malts are now used to give character to special beers (toasted,
biscuit-like aroma and an intense mouth-feel). The malts have some unusual
characteristics. Extracts are low (e.g., 230—234 1°kg on dry), the lipid content of the
malts is high with the danger of the material becoming rancid and the beer having poor
head retention and flavour instability. The TN value may be moderate (e.g., 1.6%), and
the SNR is low (e.g., 18%). Diastatic power may be about the same as that of a barley
malt having a similar nitrogen content.

Although malts are made from several tropical cereals only those made from sorghums
have attracted much attention. In places in Africa millets have been malted mixed with
sorghum grain, probably for the extra starch degrading enzymes provided by the malted
millet (Chapter 16). Sorghum grain is steeped and watered during germination. Often the
grain is treated with substances such as formaldehyde or sodium hydroxide in attempts to
control the surface microbes. Relative to barley, sorghum is malted warm (e.g., 25 °C; 77 °F).
The rootlets and the shoots are removed from the dried malt when lager-style beer is being
made but not when the malt is for making opaque beer. The seedling tissues are rich in
hydrogen cyanide. The information available on malted sorghum is inconsistent. This is
probably because malted sorghum is used in making opaque beers (Chapter 16) as well as
lagers and the requirements for these processes are different because of the large differences
between different varieties of sorghum and because the methods of analysis and mashing
that are applicable to barley malts are not all suitable for sorghum malts. This is primarily
because the gelatinization temperatures of sorghum starches are higher than the starches of
barley or wheat malts. Thus the extract of a sorghum malt determined using an inappropriate
method (mashing at 65 °C; 149 °F) was found to be 112 1°kg while mashing in an appropriate
way gave an extract of 268 1°/kg. Elsewhere extracts from sorghum malts of between 65 and
85% were found, with fine-coarse extract differences in the range 0.5—18.2%. Estimates of
other analyses also varied widely. It has been generally accepted that sorghum malts are
deficient in enzymes (this is not a problem when making traditional, opaque beers), but this
may not be not true for malts made from some varieties.
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2.2.6 Special malts

The malts already described are all “finished” on kilns. However, there is a group of malts
which are finished in roasting drums (Bemment, 1985; Briggs, 1998; Gretenhart, 1997;
Maule, 1998; Narziss, 1976). All these special malts are used as small proportions of
grists to give particular colours, flavours and aromas (i.e., to impart characters) to beers.
They can be considered in two groups; those that are prepared by a simple heating
process, such as amber, diamber, brown, chocolate and black malts (and, by tradition in
the UK, roasted barley), and crystal and caramel malts in which the wet malts are
‘stewed’ so that the endosperm contents are liquefied before they are dried and cooked. In
each group a wide range of colours occurs. As the colour ranges are continuous and as the
qualities of the starting materials can be varied as, to some extent, can the roasting
regimes, it follows that the number of malts that might be made is unlimited. The more
usual types and divisions are described here, but intermediate types can be made and
sometimes are. Because these malts are required primarily for the characters and colours
that they provide, extract and colour are the analyses which, together with moisture
content, are usually specified. Sometimes coloured malts are made from wheat or other
cereals but only the barley malts are in common use. Unlike ‘white’ malts, coloured malts
should be used as fresh as possible, storage time being minimized, to retain their aromas.
During their preparation the heating is so intense that no enzymes survive. As the colour
increases in a series of malts so the malt extracts decline slightly as the extra colour is
generated by more extreme or more prolonged heating. For example, in a series of
German caramel malts the extracts and colours were: Carapils, E 78%, colour,
2—5°EBC; Carahell, E 77%, colour 20—25°EBC; Caramiinch, E 76%, colour
50—300°EBC. As the colour increases so the wort pH values tend to decrease and the
Kolbach indices decline.

Amber malts are prepared by roasting pale ale or mild malts or, after drying, well
modified green malts. Heating programmes begin at about 48 °C (118.4 °F) and rise to
about 170°C (338°F). The ‘normal’ colour range varies, but is usually 40—85°EBC.
Moisture contents are 3.5% or less. Extracts vary between 270 and 285 1°/kg. These malts
are valued for giving characteristic dry palates and baked or biscuit-like flavours to
golden-coloured ales. Diamber malts are probably not made now, but modern brown
malts are similar to amber malts prepared at higher temperatures. Such malts may have
extracts of 260—280 1°kg and colours of 90—150°EBC. Chocolate and black malts and
roasted barley are also prepared in roasting cylinders but, relative to amber and brown
malts, the heating is much more severe and there is a risk that the grain may catch fire.
The process must be regulated so that no charring occurs and that when cut the grains are
evenly coloured and have a floury texture, with no glassiness, and have the correct colour
throughout. Well-modified green malt (TN 1.5—1.7%) is carefully dried and dressed. The
material is loaded into a roasting cylinder and the temperature is increased from about
75°C (167 °F) to 175°C (347 °F) and then more slowly to 215°C (419 °F) for chocolate
malts and to 225°C (437°F) for black malts. During roasting, unpleasant fumes are
released and these must be eliminated by scrubbers or after-burners. Roasted barley is
finished at a higher temperature, 230 °C (446 °F). Towards the end of roasting, when the
heaters are switched off, the temperature of the load continues to rise as heat is generated
in the grain. At this stage the operator checks colour every 2—3 min. and at the correct
moment quenches the load with a spray of water.

Roasted barleys usually have colours in the range 1200—1500 °EBC. These are used in
making some stouts and impart ‘sharp’, ‘dry’, ‘acidic’ or ‘burnt’ notes to the product. In
contrast to roasted malts roasted barley gives no hint of sweetness. The roasted grains
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should be reddish-black, shiny and swollen and a proportion will be split. Extracts are
HWE, 260—275 1°/kg, and moisture contents will be less than 2%. Pale chocolate malts
will have colours of 500—600°EBC, and the more usual chocolate malts
900—1100°EBC. Black malts have colours of 1200—1400°EBC. All have moisture
contents of 2% or less and extracts of 255—275 1°kg. Flavour descriptions of these
materials are not satisfactory, but they include ‘dry’, ‘burnt’, ‘acid’ and ‘astringent’ but
when chewed they have a residual sweetness which is distinct from the flavour of roast
barley. The hot water extracts of chocolate and roasted malts and roasted barley are
determined on finely ground samples mashed with boiling water at 100 °C (212 °F) in the
IoB method, so enzymolysis is not involved.

Crystal and caramel malts are unique in that during their preparation the endosperm
contents are deliberately mashed, stewed and liquefied and, when cut, the finished malts
should be hard and all the grains should be glassy or ‘crystalline’ in appearance. These
malts are prepared in a wide range of colours, some of which are named. They impart rich
and delicious and other characteristic flavours and they give body to beers and are
believed to improve beer stability. Sound barley, sometimes with a high nitrogen content
of 1.7—2.0%, is malted. When it is well modified either the green malt is taken to a
roasting drum directly or, less economically, it is lightly kiln dried. The green malt, or the
re-wetted, kilned malt is warmed and held moist at a temperature of 60—75°C
(140—167 °F) until the contents of the grains are liquefied and the liquid contents can be
squeezed out. The temperature is then increased and the grain is ventilated with hot air so
that both cooking and drying occur. The liquefaction step ensures that starch, and
possibly the endosperm cell-walls, are degraded and sugars and other soluble materials
accumulate. Thus on heating and drying and depending on the exact conditions a
concentrated sugar solution is produced together with various amounts of melanoidins
and flavour and aroma substances.

The finished product is rapidly cooled, and the contents solidify to a sugary, solid
mass. Moisture contents are 3—7.5% and extracts are 260—285 1%kg; 76—80%. Preferred
colour ranges are about 20, 120—140 and 300—500 °EBC. While the palest crystal malts
are sweet, the darker malts have more complex flavours with caramel-, toffee-, malty-,
aromatic-, honey-like and luscious characters becoming more apparent until in the
darkest products harsher, burnt flavours appear. These products are variously called
caramel or crystal malts. It has been shown that the flavour spectra can usefully be varied
(Chandra et al., 1999).

2.2.7 Malt specifications

When brewers purchase malt they require it to be excellent in quality and moderate in
price. They expect the extract yield and quality will be good and that beer production will
run smoothly and yield a good product. Malts have different properties and are used to
produce different types of beer. Brewers need to decide what analyses define the best
malt with which to make a particular beer, and to agree with maltsters that this is what
can and will be supplied. The analyses available do not reliably predict a malt’s
brewhouse performance and brewers have yet to agree on what set of analyses should be
used to specifically define a malt. Cheap, poorly made malts are often undermodified
and/or inhomogeneous and brewing with them can give rise to costs resembling those
arising from mashing with excessive levels of particular adjuncts. For example, failure to
recover the expected extract in the brewhouse or the need for a lengthened mashing
programme, slow wort separation prolonging the lautering stage and so disrupting the
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production programme, excessive break-formation in the hop-boil, short filter runs and
slow beer-filtration rates so the production cycle is further disrupted and extra filter aids,
e.g., kieselguhr (diatomaceous earth) may be needed. Furthermore, there may be a need
to use extra beer stabilization treatments and/or add extra enzymes to the mash.
Inadequate yields of small nitrogenous molecules (FAN), that then limit yeast growth and
fermentation, may also occur as may low carbohydrate fermentability (too few
fermentable sugars) that ensures that alcohol yield is depressed. All these problems
cause disruption in the production schedule and increase costs.

In practice, brewers use different analyses in attempts to ensure that malts meet their
requirements and the situation is complicated by the ongoing search for and introduction
of improved methods (Aastrup et al., 1991; Briggs, 1998; Buckee, 1997; Copestake,
1998; Gromus, 1988; Hyde and Brookes, 1978; Seward, 1992). The brewer may specify
the variety(ies) of barley from which the malt may be made, and the harvest year,
whether or not abrasion and/or additives may be used, details of the kilning cycle, and a
minimum (or maximum for coloured malts) period between manufacture and delivery. A
specification will contain an upper limit to screenings (thin corns) and dust, a maximum
moisture content, a measure of the laboratory extract coupled to a lower limit, sometimes
a preferred range for the fine-coarse extract difference, a total nitrogen (protein) limit or
range, a range or limit for the total soluble nitrogen (protein) value and for the SNR or
Kolbach Index, and often a lower limit for the free amino nitrogen. Values (maximum,
minimum or ranges) may be specified for DP, a-amylase and saccharification time, and
limits may be set on the concentration of the DMS precursor.

In addition, an upper limit or a range will be set for the colour of the laboratory wort,
often before and/or after boiling. To these may be added specified limits for the other
characteristics of the laboratory wort, including smell, clarity, pH, viscosity and 3-glucan
content, and estimates of malt (-glucanase, friability, homogeneity, and any others,
including wort fermentability. As many of these values can be determined in more that
one way and the results of analyses may be expressed in non-standard ways, even
including non-standard units, a maltster in international trade may need to recognize
nearly 300 analytical values, a situation so bizarre as to be ridiculous. In addition a
guarantee may be needed to indicate that the malt is not contaminated with lead, arsenic
or nitrosamines, mycotoxins or unapproved agricultural chemicals, insecticides or
fumigants.

Two other kinds of problem arise. The first relates to the brewer specifying
combinations of malt characteristics that cannot be combined in one product. For
example, it is not possible to produce a pale malt with a very rich flavour, or an enzyme
rich malt that has a high colour. Malts with low SNRs cannot be made highly friable.
Barleys with low nitrogen (protein) contents cannot be malted to give products
exceptionally rich in enzymes, high nitrogen contents cannot be combined with high
carbohydrate extracts. Malts with poor physical modification cannot have low -glucan
contents, and so on. These facts are the inevitable consequences of the composition of
barley and the integrated way in which changes in the grain occur during malting. The
second kind of difficulty arises from drawing up specifications that are too inflexible, or
‘tight’, so that they cannot be met routinely. For example, it is ridiculous to specify a
particular analytical value without taking account of analytical variations and the
variations that occur in barley. It is meaningless to specify that a malt’s nitrogen content,
TN, must be 1.65% exactly, when the repeatability and reproducibility values for the
analysis are 0.049% and 0.085% respectively according to the Recommended Methods of
the Institute of Brewing. Realistic specifications must be agreed between maltsters and
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brewers, probably annually, taking into account the changing varieties of barley being
grown and the quality of the barleys available from the current harvest.

2.3 Adjuncts

Adjuncts are materials, other than malt, that are sources of extract (Briggs, 1998; Byrne
and Letters, 1992; Letters, 1990; Lloyd, 1986, 1988a, b; Martin, 1978; Stowell, 1985).
They are used because they yield less expensive extract than malt and/or they impart
desirable characteristics to the product. For example, they may dilute the levels of soluble
nitrogen and polyphenolic tannins in the wort, allowing the use of high-nitrogen (protein
rich) malts and the production of beer less prone to form haze. Some adjuncts enhance
head formation and retention. The higher proportion of adjuncts used in a mash the more
difficult it is to achieve good extract recoveries and also wort viscosity is often increased,
run off is slowed and fermentability is reduced. The addition of soluble sugars or syrups
to the wort effectively increases the capacity of the brewhouse and provides a simple
method for generating high-gravity worts and adjusting wort fermentability. Solid, ‘mash
tun’ adjuncts may be added to the grist and the starch they contain will be hydrolysed by
enzymes from the malt or from other sources (Section 2.5). Other soluble preparations,
sugars and syrups, otherwise ‘copper’- or ‘kettle’-adjuncts, are dissolved in the wort
during the hop-boil. In addition to these a brewer may add other sugars to the beer as
‘primings’, and caramels or other materials may be added to adjust beer colour.

Adjuncts are analysed according to the official sets of methods (Section 1.15.1, p. 9).
Since, like special malts, mash tun adjuncts are largely or wholly lacking in hydrolytic
enzymes, analytical mashes are made with adjunct, which may be pre-cooked and mixed
50:50 with an enzyme-rich malt. The extract yield of the adjunct is calculated, assuming that
the extract recovered from the malt is half that which is obtained from an all-malt mash. The
copper adjuncts are dissolved and the characteristics of the solutions are determined. The
analytical values of interest include the specific gravity and hence the extract, the colour and
clarity of the wort (often the colour is very low), the yield of soluble nitrogen, the oil content,
the sulphur dioxide content, the pH, the ash content, levels of heavy metals (such as iron,
copper, lead and arsenic), the level of microbes, the spectrum of sugars present and the
fermentability of the mixture, the flavour, aroma and purity of the material and the absence
of any deterioration. The amounts of adjuncts used vary widely. In some places their use is
forbidden. In North America 60% of the extract in a brew may be derived from adjuncts,
while elsewhere 10—20% is more usual. It is feasible to make beers with up to 95% of the
grist being raw barley (Briggs et al., 1981; Wieg, 1973, 1987).

The choice of adjunct(s) requires care. The material chosen must be regularly
available in adequate amounts and be of good quality. The use of this material must
enhance, or at least not reduce, the quality of the beer being made. It is difficult to switch
between different kinds of adjunct. Apart from the risk of altering the nature of the beer,
changing adjuncts may require alterations in the brewery equipment. For example, the
handling plant needed for syrups is completely different from that needed for any mash
tun adjunct and the equipments needed to handle flours, flakes and grits are all different.

2.3.1 Mash tun adjuncts
Mash tun adjuncts fall into three classes, those that can be mixed into the grist without
pre-cooking, such as wheat flours, those that are pre-cooked before mashing begins (e.g.
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flaked maize, torrefied wheat) and those that are cooked in the brewery as part of the
mashing programme, such as maize-, rice- and sorghum-grits (Tables 2.1, 2.2). The type
of adjunct that a starch-rich material produces is largely determined by the gelatinization
temperature of its starch (Table 2.3; Chapter 4). If the starch granules swell and lose their
structure and become susceptible to rapid enzyme attack (i.e. gelatinize) at temperatures
low enough for the malt enzymes to remain active, then that material (e.g. wheat flour)
need not be pre-cooked. However, if the starch has a high gelatinization temperature (e.g.
maize) the material must be cooked at a high temperature to gelatinize the starch (either
by flaking or in a cooker at the brewery site) before it is mixed with the main malt mash
at a temperature at which the malt enzymes can act.

Raw barley grain has been used as an adjunct after hammer-milling or other kinds of
dry-milling or wet-milling. It is an advantage to wash the grain before use (Briggs et al.,
1981; Wieg, 1973, 1987). The viability of this grain is irrelevant. It contains S-amylase (a
proportion of which is insoluble) and some other hydrolases, as well as proteins
inhibitory to some a-amylases, proteases and limit dextrinase. Mashes containing much
raw barley often need to be supplemented with enzyme mixtures from microbes
containing a-amylase, protease and (-glucanase to convert the starch, to provide
sufficient amounts of FAN and to degrade the relatively large amounts of 3-glucans that
are present. Coarsely ground grain gives poor extract recoveries, but finely ground grain,
while giving higher yields of extract, causes problems, in particular even greater
quantities of G-glucans are extracted. Because of practical difficulties, including the need
for prolonged temperature programmed mashes and problems with the lack of desired
character and raw-grain flavours in the products, interest in ‘barley brewing’ has
declined.

Wheat has been processed in various ways, but most wheat is used as flour. Wheat
flour milling is a specialized process that, by a series of roller milling and sieving steps,
can produce material that is nearly pure endosperm tissue. By removing the germs and
bran the starch percentage in the product is increased while the protein, ash and oil
contents are reduced. Brewing flours are prepared from soft wheats, and often the
nitrogen contents of the flours are high. By using air classification fractions can be
obtained that are depleted in protein and enriched in starch and so yield higher extracts.
For example, air classification of a flour containing 9.5% protein gave a fraction with
only 7% protein. The nitrogen-reduced material is used in brewing while the nitrogen-
enriched material is used in making biscuits. Handling flour is not simple. Special
hoppers, usually equipped with vibrating feeds, are needed to ensure that the flour flows
and specialized conveying equipment (vibrating or pneumatic) is needed. Flour dust
mixed with air can form explosive mixtures and so all the usual precautions must be
taken.

To minimize handling problems, flours with ‘clumps’ of starch granules, cell walls
and protein have been prepared, with particle diameters of about 100 pm (rather than the
more usual 17—35 pym) but perhaps the most convenient preparations are those in which
the flour particles are ‘agglomerated’, that is, bound together with a soluble binder so that
the material produces little dust and is handled in a granular form. In the mash the
granules disintegrate releasing the flour. Wheat flour has a high extract content (340 1°/
kg, on dry, Table 2.1), and its use favours haze stability and especially head formation
and retention. Raw or pre-gelatinized rye or millets, used in relatively small amounts,
support head retention better than wheat (Stowell, 1985). However, wheat flour retards
wort separation both because pentosans increase the viscosity of the wort and because
they and proteins form fine particles that block the mash bed. Lipid micelles may also



Table 2.1 Typical analyses of some starch-rich adjuncts

Hot water extract

Adjunct Moisture TN TSN Bulk density
% (1°kg as is) (1°kg d.b.) (% d.b) (% d.b) (% d.b) (kg/1)
Maize grits 12 301 342 90 1.5 - 0.76
Maize flakes 9 313 344-355 - 1.5 0.04 0.46-0.66%
Starches, refined 10 347 380-390 102-105 <0.1 Neglible 0.60-0.70
Rice grits 11 316 355 93 1.0 — 0.85
Rice flakes 9 325 357 - 0.85 - 0.30
Wheat flour 11 304 342 - 1.5 0.36 0.51
Wheat, torrefied or micronized 4-9 291 310-315 - 1.6-2.0 0.15 0.55
Wheat flakes 5-8 287 302 - 1.8 0.12 0.37-0.40
Wheat, raw 12 260 295 - 1.6 - 0.77
Barley, torrefied 5-6 254 267 72 1.8-2.2 - 0.37-0.40
Barley, flaked 9 253 278 - 1.8 0.12 0.25-0.26
Barley, raw 12 250° 284° - 1.8 Variable® 0.65-0.66

Analyses IoB (1993) except HWE (%), determined by the ASBC method (ASBC, 1992).
?Depends on the degree to which they are crushed.

" Depends on added enzymes.

From Lloyd (1986, 1988a); Brookes and Philliskirk (1987); Briggs (1998).



Table 2.2 Analysis (ASBC) of various adjuncts

Gelatinization
Adjunct Moisture Extract Protein Ash temperature range
(% as is) (% as is) (% as is) (% asis) (% asis) (% asis) (°C) (°F)

Corn (maize) grits 9.1-12.5 78.0-83.2 8.5;9.5 0.3-0.5 61.6-73.9 143-165
Corn (maize) flakes 4.7-11.3 82.1-88.2 — — - —
Refined maize grits

(maize starch) 6.5-12.3 90.6-98.3 0.4 - 61.5-73.9 143-165
Rice grits 9.5-13.4 80.5-83.8 54;7.5 0.5-0.8 61.1-77.8° 142-172*
Sorghum grits 10.8; 11.7 81.7; 81.3 8.7, 10.4 0.3-04 67.2-78.9 153-174
Wheat flour 11.5 80.1 114 0.8 - -
Wheat starch 11.1; 11.4 86.5; 95.2 0.2 - 51.7-63.9 125-147
Torrefied wheat 4.9 74.4 12.2 - - -
Torrefied barley 6.0 67.9 13.5 - - -

#Variance in US rice types: 65-68 °C (149-154.4°F); 71-74°C (c. 160-165 °F) (long grain rice).
Data of Canares and Sierra (1976); Coors (1976); Bradee (1977); Canales (1979); through Briggs (1998).
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Table 2.3 Some reported gelatinization temperature ranges of starches (Briggs, 1998; Reichelt,
1983; Various). Reported values often disagree, probably because different methods have been used
to determine them (Bentley and Williams, 1996). The values reported in °F are only approximate
equivalents of the temperature in °C

Gelatinization temperature range

Starch °C °F
Maize (Corn)* 62-77 143-171
Waxy Maize* 62-80 143-176
Sorghum* 69-75 156-167
Millets* 54-80 129-176
Barley 60-62 140-144
Barley, small granules 51-92 124-198
large granules 60-65 140-149
Barley Malt 64-67 147-153
Wheat 52-66 126-151
Rye 49-61 120-142
Oats 52-64 126-147
Rice* 61-82 142-180
Rice, short grain* 65-68 149-155
Rice, long grain* 71-74 160-165
Potato 56-71 133-160
Tapioca 63-80 145-176
Arrow root (Maranta) 67-85 152-185

* Starches or adjuncts made from these materials must always be cooked before mashing. The other materials
may be converted better if first cooked.

contribute to these filtration problems, as they do with the filtration problems
encountered with wheat starch hydrolysates (Matser and Steeneken, 1998). Sometimes
these problems can be reduced by adding microbial pentosan-degrading enzymes to the
mash.

Wheat flour is now used to about 5—10% malt replacement in some British breweries
although, in the past, much higher replacement rates, of 25% or even 36%, were used
(Briggs et al., 1981). Wheat flour is used directly in infusion mashes, but higher extracts
may be obtained if the flour is pre-soaked or is pre-cooked. From time to time purified
starches from wheat, potatoes, manioc and other sources are used in mashing, depending
on local economics. It might be expected that wheat starch would be fully converted in
the mash, but it has been reported that better extract recovery occurs if the material is
cooked at 96°C (c. 205 °F), possibly because the small starch granules are gelatinized
only at the high temperature. The material is not boiled to avoid frothing.

Flours are produced, as by-products, during the manufacture of maize, rice and
sorghum grits. Like the grits these flours must be cooked before being mixed in with the
malt mash. The extract yields of refined starches are high since, due to the uptake of the
water of hydrolysis during conversion, 100 units (on dry) of starch give rise to
103—105% units of dry sugars and dextrins, so extracts of 380—390 1°kg (on dry), or
102—105% (on dry) are obtained. Generally, purified maize starch is not used directly in
breweries although when it is it is cooked. Most brewing sugars are prepared from maize
starch.

Pre-cooked adjuncts used in mashing include micronized and torrefied whole grains or
flaked wheat or barley or flaked maize grits or flaked rice grits or flaked pearl barley
(Tables 2.1, 2.2). These materials are easily handled and, because they have been cooked,
they yield better extracts than the raw materials because their starches are gelatinized and
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the hemicelluloses are partly degraded. They are easily broken up in malt mills. Whole
grains of wheat or barley, graded to remove thin grains and with adjusted moisture
contents, are cooked in hot air at 220—260 °C (428—500 °F). During cooling the softened
material becomes firm and has a moisture content of about 4%. Torrefied barley may
have an extract (on dry) of 267 1°kg or 72%, while for torrefied wheat the values may be
310315 I°kg or 78—80%. It is advantageous to use grains with low nitrogen contents,
since a 1% increase in nitrogen content (6.25% crude protein) will reduce the extract
yield by 5%. Micronized cereal grains have similar properties. These are prepared by
cooking in a thin layer, moving beneath gas flame heated ceramic tiles which give out
radiant heat (infra-red radiation). The grain, which should be carefully conditioned and
not heated for too long a period to obtain the best quality product, reaches a temperature
of about 140 °C (284 °F) (Brookes and Philliskirk, 1987; South, 1992). Micronized grains
may be cooled and mixed with the malt before it is milled. While it is still hot,
micronized grain may be rolled to form flakes, which do not need to be dried.

The older process, for flaking whole grains, or pearl barley or maize- or rice-grits,
began by adjusting the moisture content of the material then, after a period of
conditioning, cooking at 90—100°C (194—212 °F), flaking it by passing it between hot
rollers. The flakes were dried in a stream of hot air, before cooling. At present (2004) it is
not economic to use flaked rice but it, like flaked maize, is a well-liked adjunct that gives
up its extract easily, in good yield, even in simple infusion mashes (Table 2.1). Flaked
barley and, to an even greater extent, flaked pearl barley (grains from which the husk and
surface layers have been removed by abrasive milling; Briggs, 1978) give problems in
brewing largely because they contain comparatively large amounts of (-glucan. Flaked
barley has been prepared sprayed with a solution of bacterial enzymes containing -
amylase, J-glucanase and probably protease. The product had an appreciable cold water
extract and did not give rise to highly viscous worts or any of the other problems
associated with 3-glucans. In the past flaked oats were used in making some stouts. They
were described as being greyish, with low extracts of 252—282 1°/kg, and were rich in
husk, protein and in oil that could readily become rancid. Experimentally it has been
shown that milled, cooked and extruded cereals are convenient adjuncts (Briggs ef al.,
1986; Dale et al., 1989; Laws et al., 1986). These preparations seem to be used only in
the preparation of some African beers.

Grits are preparations of nearly pure starchy endosperm in which the starch granules
are invested with protein and are enclosed with cell walls (Johnson, 1991). For brewing
purposes these are prepared from maize (‘corn’), rice or sorghum (Tables 2.1, 2.2). These
grits must be cooked before being mixed with the main malt mash. The high temperatures
used (up to boiling or, when processed under pressure, even over 100 °C; 212 °F) disrupt
the cellular structure of the grits and gelatinize the starch. The a-amylase included in the
mixture liquefies some of the starch, reducing the viscosity of the mixture and preventing
retrogradation. The a-amylase may be bacterial in origin or it may be from a small
amount of highly enzymic, ground malt. Brewing rice is usually a by-product of grain
being prepared for human consumption. This material has become too expensive to use in
many areas, but it is still used in Asia. Preferred rice grits are less than 2 mm (0.079 in.) in
diameter, have moisture contents of about 13%, and extracts of 88—90 or even 95% (on
dry). Typically they contain 5—8% protein and 0.2—0.4% oil and about 0.9% ash. The
flavour imparted to beers by rice are described as neutral, ‘dry’, ‘light” and ‘clean’.

Different grades of rice behave very differently in mashing, so that wort separation
times may vary by factors of 2 or 3 and the gelatinization temperatures of the starches vary
widely (Table 2.3). When rice grits are slurried in water and are progressively heated it is
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found that the gel point of each sample (the temperature at which the viscosity suddenly
increases) is related to the difficulties of using the material in the brewhouse (Teng et al.,
1983). It is advantageous to use a thermostable bacterial a-amylase when cooking rice. It
seems that all rice grits should be heated to boiling. Rice grits, like maize grits, may be
cooked and flaked. Flaked preparations are used in brewing without the need for a cereal
cooker. Typical analyses of maize grits, which are prepared from yellow dent corn by a dry
milling process, are: moisture 13%; protein 7—9%; fat, 0.7—1%; ash, 0.5—0.7%; extract
about 90% (on dry). Usually particles have diameters of 0.3—1.5mm, 0.012—0.059 in.
(Tables 2.1, 2.2; Johnson, 1991). These grits impart a fuller flavour to beer, compared to
rice grits. In some areas, notably Africa and Mexico, sorghum grits are used. In quality
they closely resemble maize grits, giving extracts of 91% (on dry), with moisture contents
of 11—-12%. When first used sorghum grits gave unpleasant flavours to beers, but
improved milling techniques, processing large yellow or white, low tannin grains, now
produce fully acceptable materials. Pearl barley is analogous to grits, being almost pure
endosperm tissue. It does not need to be cooked but it is now little used in brewing. Grits
can be prepared from several millets, but this is probably not done commercially.

2.3.2 Copper adjuncts

Copper adjuncts come in two categories (Table 2.4). First, wort extenders, which add
essentially only carbohydrates (such as sucrose, invert sugar and hydrolyzed starch
syrups) and wort replacements such as malt extracts and syrups made from hydrolyzed
cereals. These materials add carbohydrates and a complex mixture of other substances to
the process stream. The formulae of sugars are given in Chapter 4.

Sucrose (‘sugar’), derived from either sugar cane or sugar beet, is a well-liked copper
adjunct, used either as a solid or in solution and either as the disaccharide sucrose (a-D-
glucopyranosyl-(1, 2)-8-D-fructofuranose) or as the hydrolysis product, the equimole-
cular mixture of glucose and fructose, ‘invert sugar’, so called because as the sucrose is
hydrolysed the optical rotation of the solution decreases and becomes negative and
‘inverted’. At present, with the exception of Australia, sucrose-based materials are little
used because they are costly. Beet sugar must be used pure, because the impurities have
unpleasant flavours. While pure cane sugar is perfectly acceptable, partially purified
preparations have been preferred because of their luscious flavours. These preparations
may contain small quantities (perhaps 5%) of unfermentable di- and tri-saccharides
(Table 2.4). Sucrose is extremely soluble (see Appendix), solutions containing over 63%
solids being attainable. However, concentrated solutions of pure sugars are liable to
crystallize. Solutions of invert sugar containing 83% solids can be prepared. Some
brewer’s preparations contain both sucrose and invert sugar. Yeasts ferment these sugars
easily so, as the sugars dissolve completely in the wort, extract recovery is 100% and,
with the pure preparations, the added sugars are 100% fermentable. The sugars may be
provided in solution or as solids. A sugar syrup may give an extract of 258 1°kg (fresh
wt.), have a specific gravity of about 1.33 and a colour of 3—12 °EBC. Nitrogen contents
(e.g. 0.01%) are negligible. An invert sugar preparation may have an extract of 318 1%kg
(fresh wt.; Table 2.4). To prevent crystallization and to reduce the viscosity, so improving
handling characteristics, these sucrose or invert sugar syrups are handled and stored
warm, at 40—50°C (104—122 °F). They cannot be stored for long periods, and so must be
delivered shortly before use.

Sugar adjuncts used in small amounts include lactose (from whey; a sweet, non-
fermentable sugar), honey and maple syrup (Wainwright, 2003). Many sugar preparations



Table 2.4 Typical analyses of sugar-rich brewing adjuncts, priming sugars and caramels

Preparation Hot water Total nitrogen Colour Fermenability Specific gravity
extract (fowt.) (%) 10% w/v solution solids (20°C)
(fowt.) (EBC units) (%)
(1°kg)*
Sugar preparations
Raw cane sugar syrup 258 0.01 3 95+ 1.33
Invert sugar liquid 318 0.01 3-12 95+ 1.43
Sugar primings 310 0.01 3-12 95+ 1.42
Refined maize-starch hydrolysates
Brewing syrup 310 0.02 Colourless or 77-78 1.42
adjusted®
Confectioners’ glucose 318 <0.01 Colourless 30-50 1.43
Solid brewing sugar 310 0.02 Colourless or 86-87 -
adjusted®
Glucose chips 318 0.01 20-50 82 -
Other materials
Grain-based syrup 302 0.4-0.8 4 65-70 1.40
Malt extract 302 0.65-1.3 4 70 1.40
Caramel, 46,000 liquid 242 - 4600 - 1.29
Caramel, 32,000 liquid 284 - 3200 - 1.36

*Dry, solid sugar preparations, e.g., sucrose, have values of 382-386 1°/kg.

PFAN values of 0.01-1.15%. The colour may be adjusted to specification by the addition of other sugar-based products.

Analyses lIoB.

After Lloyd (1986, 1988a); through Briggs (1998).
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are made from ‘refined grits’, refined maize starch (corn flour). This is prepared by a
continuous wet milling process. Maize grain is soaked in a solution of sulphur dioxide
and is then broken up. The oil-rich germs and hulls are separated and the remaining
endosperm tissue is milled and the gluten and starch granules are separated. The starch is
recovered as a 35—40% suspension in water. This material may be dried. The powdery
product is dusty and must be handled with all the precautions used with flours.
Sometimes starch is added to the cereal cooker with grits, but it is usually converted into
solutions of hydrolysis products by specialist manufacturers. A sample of maize starch
had an amylose:amylopectin ratio of 28:72, a moisture content of 11—12%, a crude
protein content of 0.35% and a fat content of 0.04 to 0.5%. The dry component of this
material was mainly polysaccharide. Most maize starch is used in brewing, after
hydrolysis, as syrupy copper (kettle) adjuncts. The starch is treated in two stages. In the
first stage it is cooked to disrupt the granules and the material is treated with a mineral
acid or a thermostable bacterial a-amylase (stabilized by additions of calcium salts) to
‘liquefy’ the polysaccharide, degrading it to a mixture of dextrins, oligosaccharides and
sugars. In part the high cooking temperature is needed to disrupt amylose-lipid
complexes, making the polysaccharide more easily degraded. The liquefied mixture
flows and has a comparatively low viscosity, in contrast to cooked, but not liquefied,
starch which is very viscous and sets to a gel on cooling. The liquefied material is partly
purified by treatment with active charcoal and/or ion exchange resins to remove lipids
and ionic substances. If mineral acid was used then this must be neutralized if the next
process is to be enzyme-catalysed. In the second stage the liquefied material is
saccharified to produce the mixture of carbohydrates finally required. Saccharification
may be carried out with mineral acid or, after adjustment of the pH, with one or more
enzymes.

A very wide range of products, varying in salt content, sugar spectra and
fermentability, are available. The materials may be classed as acid/acid, acid/enzyme
or enzyme/enzyme products. Those prepared using acid hydrolysis may have high salt
contents and, because of side reactions occurring during hydrolysis, may contain
oligosaccharides containing unusual inter-sugar linkages, and may be coloured and have
characteristic flavours. Thus acid/acid hydrolysis can yield confectioner’s ‘chip sugar’,
which is rich in glucose and with colour in the range 200—500 °EBC. Acid/enzyme and
enzyme/enzyme products may be produced with little colour and with closely controlled
compositions. They may be dried and delivered as solids or in solution as liquid syrups.
Generally, like the sucrose-based syrups, these syrups are kept warm (at 50 °C; 122 °F) or
above) to prevent crystallization and the separation of solids from the mix and to reduce
the viscosity. They may be delivered and stored at 60—70°C (140—158 °F). The surfaces
of the stored materials are often ventilated with sterile air to remove water vapour which
otherwise might condense and drip back onto the surface of the syrup, so locally diluting
it and allowing the proliferation of microbes, notably osmophilic yeasts. The headspace
may be filled with nitrogen or be illuminated with sterilizing, ultraviolet light.

Often syrups contain sulphur dioxide as a preservative (2—40mg/l), and brewers
specify an upper concentration. Syrups are described as having reducing dextrose
equivalent (DE) values. However, as different mixtures of sugars and dextrins can have
the same DE values, these are of limited use to brewers. Preparations can be obtained
with fermentabilities ranging from 30—95%, but usually values are about 75—85%.
These syrups can be used to adjust the final fermentability of wort. However, the
fermentability of a syrup is not a sufficient characterization, the spectrum of sugars
present is also significant. Thus the fermentable material may be rich in glucose, or be
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nearly entirely glucose. This may be undesirable since yeasts in worts rich in glucose may
not be able to adapt to metabolize maltose and maltotriose, leading to slow or ‘hanging’
fermentations. Glucose-rich syrups are usually made with the enzyme amyloglucosidase,
sometimes mixed with a debranching enzyme to accelerate the hydrolysis of the starch
and dextrin (-1, 6-linkages. This problem does not arise if most of the fermentable
carbohydrate is maltose. Maltose-rich syrups are made by incubating liquefied starch
with a -amylase (a plant enzyme or the enzyme derived from Bacillus polymixa) and a
debranching enzyme such as pullulanase.

Starch-derived syrups and malt extracts and syrups prepared from cereal grains are
introduced into the wort during the hop-boil, as are solid sugars (Chapter 10). All these
materials must be dissolved and fully dispersed. If this is not achieved and material settles
in the copper, the sugars can burn on to the heating surfaces with the creation of heating
and cleaning problems, a loss of extract and perhaps the generation of unwanted flavours
and colours. As prepared these syrups are very pale but, if required, makers may add
caramel to give a specified colour.

Other copper adjuncts are malt extracts or syrups obtained by hydrolysing cereal
grains (Briggs, 1978, 1998; Tables 2.4 and 2.5). These materials contain both
carbohydrates and a complex mixture of substances including nitrogenous materials,
minerals and yeast growth factors. Additions of these materials to the wort are equivalent
to adding concentrated wort to the beer production stream. Malt extracts are made by
grinding the malt, mashing it, with or without mash tun adjuncts and supplementary
enzymes, and separating the wort, then concentrating it using triple effect vacuum
evaporators. Many types of material can be produced depending on the grist, the mashing
programme employed and the evaporation conditions used. By mashing enzyme-rich
malts at low temperatures and concentrating the worts at low temperatures, enzyme-rich
malt extracts may be obtained. At the other extreme, by heating the wort strongly,
sometimes at a reduced pH, before concentration a product lacking enzymes can be
prepared. Extracts can contain 75—82% solids (SG values 1400—1450), the more
concentrated materials being used in the tropics. To keep the preparations liquid they
need to be kept warm (e.g. 50°C, 122 °F). At this temperature the material will slowly
continue to darken and its other characteristics will change, so it should be used promptly.
A representative extract is 302 1°kg (fresh wt.). Colours may range from 3—520°EBC,
have varied enzyme contents (DP 0—400°L), and fermentabilities in the range 56—93%.

Some of the mash grists contain large proportions of raw cereal or cereal adjuncts, and
to obtain adequate extracts the mashes may be supplemented with microbial enzymes and
long, rising temperature programmes may be used. These products are best termed cereal
syrups. A distinct product was ‘liquid malt’. This was made by mashing green barley
malt, so eliminating the cost of kilning. The wort was concentrated in the usual way and
the unwanted flavour components were evaporated during the concentration stage.
According to German law this material is not an adjunct and so, like conventional malt
extracts, its use is permitted. Potentially such syrups are highly fermentable, can be
enzyme rich and low in proanthocyanidins (anthocyanogens), and so their use favours
haze stability in beers. Malt extracts and cereal syrups are used less by large-scale
breweries than was once the case. In contrast syrups made by hydrolysing starches are
widely used. While malt extracts were once added to supplement the enzyme contents of
mashes this highly uneconomic practice has long been discontinued, at least in large-
scale brewing. However, 3.7 volumes of malt extract give about the same amount of
extract as 10 volumes of malt, making it a very compact source of extract, and it has been
the practice to send malt extract (pre-hopped or not) to be fermented to make beer at



Table 2.5 The carbohydrate compositions (%) of two worts and several syrups prepared from starches (after Wainwright, 2003)

Infusion Decoction Low fermentable 63 DE High maltose Very high High dextrose
mash wort mash wort syrup* syrup* syrup* maltose syrup* (glucose) syrup*
Glucose + Fructose 10 11 4 38 2 3 94
Sucrose 5 2 0 0 0 0 0
Maltose 45 52 10 33 55 68 3.5
Maltotriose 15 12 12 6 16 18.5 0
Dextrins 25 23 74 23 27 10.5 2.5
Fermentability (%) 72 74.8 23.6 75.6 69.8 85.8 97.5

* Starch hydrolysates do not contain fructose or sucrose.

Dextrins are not fermentable.
¥ Calculated fermentability.
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remote locations or on ships. In addition, hopped or unhopped malt extracts are used by
many home brewers and small-scale or ‘micro’ brewers to avoid the inconvenience of the
mashing and wort separation operations. Copper adjuncts effectively increase the
production capacity of a brewery. They are convenient for preparing high-gravity worts
and for adjusting wort fermentability. Most add insignificant amounts of nitrogenous
substances or polyphenols, or flavours or colours to wort. The approved sets of analytical
methods specify ways of evaluating copper adjuncts. In contrast to malts and mash tun
adjuncts all the potential extract of a copper extract is recovered in the wort provided that
it is completely dissolved.

2.4 Priming sugars, caramels, malt colourants and Farbebier

The materials described in this section are not regarded as adjuncts. However, they all
add extract to the wort or the product and so they are considered here. Priming sugars are
added to beers that are to be cask- or bottle-conditioned. The object is to provide the yeast
with a supply of easily fermented sugars that can indirectly supply the carbon dioxide
needed to carbonate the beer, and ‘bring the beer into condition’. Since the sugars are
mostly fermented their nature is not important; sucrose, invert sugar and glucose- or
maltose-rich syrups will serve. However, if the preparation contains a proportion of
unfermentable material this will remain in the beer and may alter its character. To utilize
some of the residual dextrins present in beer, enzymes have been added to catalyse the
hydrolysis of a proportion into fermentable sugars, a procedure which removes the need
for priming sugars. Various enzymes have been used for this purpose. Amyloglucosidase
was unsatisfactory since it is too stable and so is not reliably destroyed by the
temperatures reached during pasteurization. Consequently the enzyme continues to act
and sweeten the beer when its activity is no longer required. Less stable enzymes such as
fungal a-amylase, or pullulanase with ($-amylase have been more successful, but the
problem of deciding when the correct degree of dextrin degradation has occurred, and so
when the enzymes must be inactivated, still remains. Sugars may be added to some
filtered and sterile beers to sweeten them. If this is done then sucrose or high-fructose
preparations are probably to be preferred.

Caramels are used to adjust colour by adding them to the wort or beer (Chapter 9).
Caramels are made in different ways and not all types are suitable for brewing purposes
(Comline, 1999). The class III, electropositive-ammonia caramels, the caramels used in
beers, are made by heating sugars (usually high glucose syrups) with ammonia. Complex
reactions occur and the product is a mixture of high molecular weight coloured
substances and lower molecular weight substances which impart flavour and aroma. The
preparations may have colours up to 35,000 °EBC, contain 65—75% solids, 2.5—5%
nitrogen and have pl values of 6.0—6.5. (A pl value of a substance is the pH at which it is
50% ionized). By using ultrafiltration the coloured and flavoured components can be
separated, permitting beer colour and flavour to be adjusted separately (Walker and
Westwood, 1991). The specifications of brewing caramels usually include values for
colour, pH, extract content, and stability when dissolved in worts and beers.

Sometimes the use of caramels is forbidden but it is permissible to use extracts from
coloured malts. Crystal, chocolate or black malts (or roasted barley, where allowed) are
extracted with hot water and the extracts are concentrated. Colours (of 10% solutions) of
850—1,700 °EBC may be obtained. It is not clear how widely these malt colourants are
used. In Germany beer colour may be adjusted using Farbebier. This ‘colour beer’ is
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produced by specialist manufacturers (Narziss, 1992; Kunze, 1996; Riese, 1997). A
mixture of, say, 60% pale malt and 40% dark malt is mashed to give a wort with a very
high density (e.g. 18—20°Plato, approx. SG 1074—1084). The extract is boiled and
fermented in a special way to give a product with a colour of about 8,000 °EBC. It may be
concentrated under vacuum. This material is undrinkable, but it is added to wort or beer
to adjust the colour. Sometimes the material is treated with active charcoal to reduce
bitter flavour.

2.5 Supplementary enzymes

Enzymes derived from sources other than malt may be used at various stages during
brewing, provided that this is allowed by local regulations (Bamforth, 1986; Briggs et al.,
1981; Byrne, 1991; Godfrey and Reichelt, 1983). Enzymes are also used in the
production of some adjuncts (Section 2.3). These enzymes are mostly prepared using
liquid suspension cultures of various microbes (bacteria and fungi), but a few are
obtained from plants and at least one was obtained from animal sources. The
preparations, which may be dry powders or solutions, must be approved for use in
foodstuffs. They are not ‘pure’, and will usually contain residual materials from the
nutrient medium in which the microbes were cultured, other enzymes besides the one(s)
specified, diluents, extenders or carriers, and preservatives. They should not contain
viable microbes. The preparations available have a wide range of characteristics.
Different suppliers describe their preparations in different ways so that it is difficult to
make comparisons between them. The lack of standard analyses is a source of difficulties.
The temperature and pH optima of enzymes are so influenced by incubation conditions,
and the conditions used in different breweries and at different stages of brewing are so
varied, that it is not possible to give useful values. Consequently the effectiveness of the
addition of an enzyme preparation must be determined by brewers under their particular
processing conditions.

The activities of ‘named’ enzymes in preparations are standardized by suppliers.
However, this is not true of other enzymes that may be present. The presence of these
additional enzymes may be advantageous or harmful. For example, the presence of (-
glucanase in preparations of bacterial c-amylase may be beneficial when added to a
mash, particularly if undermodified malt or barley or oats adjuncts are used in the grist.
On the other hand, while the presence of protease activity may be an advantage if more
FAN is needed, it is most undesirable if it elevates the levels of soluble nitrogen too far
and/or if the degradation of protein leads to a reduction in foam formation or stability.
The presence of some ‘additional’ enzymes can easily be detected (Albini et al., 1987).

Enzyme preparations are not stable, so they should be stored cool and used fresh.
Different enzymes in a mixture will usually have different half-lives, so the ratios of
enzyme activities in a preparation will alter with storage time. This may generate
problems. Many of the enzymes used in the manufacture of starch- and cereal-derived
syrups may also be used in breweries. Usually enzymes, where used, may be added to the
mash or the cooker, or they may be added to the wort or beer. Used intelligently they can
improve extract recovery, wort collection rate, the rate of beer filtration and the length of
filtration runs, wort fermentability, and the resistance of the beer to haze formation.
Added enzymes can minimize the presence of residual starch or gums in the wort. Other
uses are indicated later. The enzymes of most interest in brewing are those which catalyse
the hydrolysis of starch and dextrins, those which attack hemicelluloses and gums (both
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(-glucans and pentosans), and those which degrade proteins. However, other enzymes
may be of interest. While some brewers may use added enzymes on a routine basis others
use them only to combat unforeseen production problems.

a-Amylases used in brewing are from different sources and, because of their different
properties, they are suited to different purposes. They are all stabilized by elevated levels
of calcium ions and by their substrates, starch and dextrins. They are all endo-acting
enzymes, that is they catalyse the hydrolysis of the a-(1,4)-links within the dextrin,
amylose and amylopectin chains. However, the range of hydrolysis products differs
significantly, and the enzymes differ in thermal stabilities to a remarkable extent. Fungal
enzymes (usually from Aspergillus spp.) have pH optima in the range 5.0—6.5, and
temperature optima of around 60—65 °C (140—149 °F), or 55°C (131 °F). Despite these
low values these preparations have been added to mashes where the complex mixture of
‘extra’ enzymes (which commonly include hemicellulases and proteases) may be of
value. This type of enzyme, which is inactivated by pasteurization, has been added to
beers to hydrolyse dextrins and so obviate the need for priming sugars. It produces
appreciable amounts of maltose among its products.

Several types of bacterial a-amylase are in use. The enzyme from Bacillus subtilis has
a pH optimum between 6.0 and 7.5, but it is usefully active at mash pH values, 5—6. The
temperature optimum is around 65—70 °C (149—158 °F), but is strongly dependent on the
presence of starch, which stabilizes it. The enzyme may act briefly at temperatures up to
80°C (176 °F). Usually preparations of this enzyme, like those other bacterial enzymes,
contain protease and (-glucanase activities. While the alkaline protease may have little
action under mashing conditions the neutral protease does. The enzyme from another
bacterium, Bacillus subtilis, var. amyloliquefaciens is appreciably more heat stable. This
a-amylase has a reported pH optimum at 5.7—5.9 (at 40°C; 104 °F). Although its
temperature optimum is about 70 °C (158 °F) this enzyme is able to liquefy a 35—40%
starch slurry at 85—90°C (185—194 °F), and so it is useful for liquefying the starch when
adjuncts are cooked, since it is so much more stable than the malt enzyme. In contrast the
a-amylase from Bacillus licheniformis is too heat stable for some brewing purposes. This
enzyme, which has a wide pH optimum around 6, has a temperature optimum at 90 °C
(184 °F) at high calcium ion concentrations. It can act briefly at 115°C (239 °F), and it is
not reliably destroyed by boiling unless the solution is slightly acid and the calcium and
starch concentrations are low. These conditions can be met when the enzyme is used to
liquefy starch during the manufacture of sugars and syrups, but cannot be reliably
achieved in brewing.

Debranching enzymes are used in the manufacture of copper adjuncts, and they have
been investigated for use in the brewhouse. Two types of enzyme have been investigated.
Isoamylase is able to hydrolyse the a-(1,6)-links in amylopectin but not in dextrins. This
enzyme seems not to be of value in brewing. However, pullulanase, an enzyme produced
by the bacterium Klebsiella pneumoniae (Aerobacter aerogenes), hydrolyses a-(1,6)-
links in both amylopectin and in dextrins, including limit dextrins. The enzyme is
thermolabile, and is used at 45—55°C (113—131 °F), when saccharifying dextrins with
amyloglucosidase or S-amylase in making glucose- or maltose-rich syrups respectively.
The enzyme has been added to cooled mashes in experimental brewing, and it has been
used, together with [-amylase, to replace priming sugars in beer. As it is readily
inactivated by heat this process can be stopped by pasteurizing the beer. The pH optimum
has been given as 5.5—6.0, but the enzyme has been used at values as low as 4.

a-Amylases may be obtained from plants or particular bacteria. Enzymes from cereals
(including flours), soya beans and sweet potatoes have been used to saccharify dextrins,
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with or without the addition of other hydrolases. The pH optima are about 5.3, but the
useful pH range is about 4.5—7.0. These enzymes attack the penultimate a-(1, 4)-links in
starch chains, releasing the disaccharide maltose. They are readily denatured by heat, and
have temperature optima around 55°C (131°F). These enzymes have been added to
mashes to increase the wort fermentability, and they have been added to wort for the
same purpose and to beers to replace priming sugars. These enzyme preparations often
contain «-glucosidase (which is generally ignored) and may contain the unwanted
enzyme lipoxygenase (LOX) as well as other enzymes. The bacteria Bacillus polymixa
and Bacillus cereus, var. mycoides, produce both pullulanase and (-amylase which,
acting together, have been used when making high maltose syrups.

Amyloglucosidase (syn. glucoamylase; AG; AMG) is prepared from several different
fungi (e.g. Aspergillus spp., Rhizopus spp.). Some preparations also contain a-amylase
and/or transglucosidase. The latter is undesirable as it catalyses the formation, by
transglucosylation, of unwanted and unfermentable oligosaccharides such as isomaltose
and panose. Amyloglucosidase attacks the non-reducing ends of starch chains and
dextrins releasing glucose. Its attack on a-(1,4)-links is comparatively rapid relative to
the attack on a-(1,6)-links, so the conversion of starch into glucose by this enzyme is
accelerated by the addition of pullulanase. The optimal pH range is 4.0—5.5, and the
enzyme will act for extended periods at 60—65°C (140—149 °F). It has been added to
mashes (particularly mashes containing large proportions of adjuncts) to increase the
fermentability of the wort. It is regularly used in the production of glucose and has been
added to beer to replace priming sugars. It is no longer used for this, being replaced by
more thermolabile enzymes.

There is a proposal to add a glycosyl transferase to mashes to increase the levels of
unfermentable isomaltooligosaccharides in the wort to produce a beer with a reduced
alcohol content but with a full body. In contrast, the same enzyme added to cool,
fermenting wort increases the fermentability and hence the final alcohol content
(Robinson et al., 2001).

When undermodified or inhomogeneous barley malts are used or when barley (or oats)
mash tun adjuncts are employed, problems can arise in the brewery and these are often, at
least partly, due to residual, high molecular weight 5-glucans. Similarly, when problems
arise from the use of wheat, rye or triticale adjuncts or wheat malt the problems are often
attributed to pentosans. The problems include slow wort separation, slow beer filtration
and short filter runs and sometimes the separation of hazes and gelatinous precipitates in
the beer. The enzymes used to degrade 3-glucans may be divided into §-glucanases and
cellulases. Sometimes these preparations contain complex mixtures of enzymes. Because
the structures of pentosans are complex (Chapter 4) mixtures of enzymes may be needed
to obtain substantial degradation of these materials.

The (-glucanase of Bacillus subtilis is a well characterized enzyme, with an optimal
pH range of 6.0—7.5 and temperature range of 50—60°C (122—140 °F). In temperature-
programmed mashes it acts best at about 50 °C (122 °F). However, the enzyme will act in
brewery mashes, at least briefly, at about pH 5.3, at temperatures up to 75°C (167 °F).
This enzyme is specific in that it attacks only mixed-linked (3-(1,3;1,4)-glucans. It has
been used in mashes made with barley adjuncts, and it is usually accompanied by a-
amylase and two proteases. Fungal 3-glucanase preparations (e.g. from Aspergillus spp.)
have varied properties, but usually have inconveniently low temperature optima
(45—60°C; 113—140°F) for mashing but have convenient pH optima in the range
3.5—6.0. They probably contain a complex mixture of hydrolases, and are not clearly
distinguished from the cellulases.



2 Malts, adjuncts and supplementary enzymes 49

A preparation from Humicola insolens is active at degrading §-glucans at up to 75°C
(167 °F). Cellulases used in brewing include those from Trichoderma spp. (T. reesei, T.
viride), with temperature optima of 50—55°C (122—131 °F) and pH optima in the range
3.5—5.5. Such preparations are useful in temperature programmed brewery mashes. They
contain mixtures of enzymes, including amylases and pentosanases. Cellulase prepara-
tions from Penicillium funiculosum have activity in the pH range 4.3—5.0, and function at
temperatures of 65 °C (149 °F). Preparations from P. emersonii are more heat stable, with
an optimal temperature of 80 °C (176 °F) and a useful optimum pH range of 3.7—5.0. The
enzyme mixture attacks not only mixed link barley (-glucans but also holocellulosic
material in barley, starch and pentosans. It is well suited for addition to mashes.

Pentosanases need to be complex mixtures of enzymes and contain acetyl esterase,
feruloyl esterase, a-L-arabinofuranosidase, exo- (xylobiase) and endo-xylanase activities.
Preparations usually contain starch-, cellulose- and (3-glucan-degrading activities.
Preparations have been made from Disporotrichum, Trichoderma and Aspergillus spp.
Usually these are used in temperature-programmed mashes, being active at about 50 °C
(122 °F). They are particularly useful when wheat, rye and triticale adjuncts are used.

Non-malt proteolytic enzymes are used for two purposes in brewing. First, by adding a
protease to the mash, the amount of nitrogenous yeast nutrients (FAN; formol-N) in the
wort is increased and, secondly, by adding a protease to beer, polypeptide haze precursors
are degraded. Pepsin, an animal protease with an acidic pH optimum, was added to beer
as a stabilizing agent, but this function is now carried out by thiol-dependent plant
proteases, in particular papain, from the latex of the pawpaw (Carica papaya), bromelin
from the pineapple (Adnanas spp.) and ficin from figs (Ficus spp.). These enzymes differ
a little in their properties. All are destroyed by pasteurization and, while they degrade
haze precursors, they apparently do not degrade the desirable foam-forming polypeptides.
In contrast the bacterial proteases do destroy foam precursors. Protease activities are
often present in fungal enzyme preparations, with pH optima in the range 3—6, and
temperature optima around 50 °C (122 °F). Probably the bacterial proteases are of most
interest, since these have been added to mashes to increase the FAN levels. Bacillus
subtilis, like some other Bacilli, produces proteases having neutral and alkaline pH
optima. The mixture works at mash pH values, and has an optimal temperature of
45-50°C (113—140°F). When mashes are made that are rich in raw barley and are
supplemented with bacterial enzymes an extended stand is needed at 50°C (122 °F) to
obtain an adequate level of soluble nitrogen in the wort. Raw barley contains an inhibitor
of bacterial neutral protease.

Lipases, nucleases, phosphatases (including phytase), oxidases, transglycosylases, a-
and (-glucosidases are enzymes of potential interest. It is generally considered that the
presence of lipases (fat hydrolysing enzymes) and lipoxygenase is undesirable. It has
been proposed that the addition of ‘tanninases’ to wort or beer should hazeproof the beer.
How, or if, such enzymes might act on barley and hop proanthocyanidins is not clear,
since these are not hydrolysable tannins. The enzyme a-acetolactate decarboxylase may
be added to beer to break down its substrate to carbon dioxide and acetoin. Thus by
destroying a precursor of diacetyl the flavour stability of the beer is improved (Section
12.10.2). Glucose oxidase has been added to beer to ‘scavenge’ oxygen, which is utilized
to convert glucose to gluconolactone and hydrogen peroxide. This latter compound is
itself an oxidizing agent and its presence is probably undesirable. It is degraded by the
enzyme catalase to oxygen and water. The oxygen (half the amount initially used) is
again used by the glucose oxidase, and so the amount present is progressively reduced.
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3

Water, effluents and wastes

3.1 Introduction

Breweries use large amounts of water, (‘liquor’ in the UK). The actual amounts of water
used ranging from three to (exceptionally) 30 times the volumes of beer produced. As
beers usually have water contents of 91—98% (or even 89% in the cases of barley wines),
and the amounts lost by evaporation and with by-products are relatively small it follows
that large volumes of waste water are produced. Sometimes large volumes are produced
because of operational inefficiencies but breweries operating in efficient but different
ways, and with different product ranges, have substantially different water requirements.
Apart from brewing, sparging and dilution liquors, water is used for a range of other
purposes. These include cleaning the plant using manual or cleaning-in-place (CIP)
systems, cooling, heating (either as hot water or after conversion into steam in a boiler),
water to occupy the lines before and after running beer through them, for loading filter
aids such as kieselguhr, for washing yeast and for slurrying and conveying away wastes
as well as for washing beer containers such as tankers, kegs, casks and returnable bottles.
The acquisition and treatment of liquor and the disposal of the brewery effluents are
expensive processes and have long been studied.

While water is the major component of beer the brewery takes in many other materials
such as bottles and other packaging materials, malts, adjuncts and hops, and during the
brewing and packaging processes ‘pollutants’ and ‘wastes’ are generated. These include
broken glass, damaged cans, packaging materials such as cardboard and plastic, spent
grains, spent hops, trub, tank bottoms, carbon dioxide, spilled or spoilt beer, wort, noise,
odours, domestic wastes and heat. All these must be dealt with and, where possible,
disposed of at a profit. This chapter is primarily concerned with the acquisition and
preparation of water of the grades needed in the brewery and the disposal of the dirty
water, or effluents. However, the treatments or actions needed to deal with some other
wastes or by-products are discussed (Anon., 1988; Armitt, 1981; Bak et al., 2001; Benson
et al., 1997; Comrie, 1967; Crispin, 1996; Eden, 1987, Eumann, 1999; Grant, 1995;
Hackstaff, 1978; Harrison et al., 1963; Hartemann, 1988; Heron, 1989; Mailer et al.,
1989; Moll, 1979, 1995; Taylor, 1989; Theaker, 1988).
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3.2 Sources of water

The sources of available water can be understood with reference to the water cycle. Water
evaporates from the land, plants, fresh water and the sea. In time this forms clouds and
precipitates as rain, snow or hail, falling back onto the land or into the sea. Of that falling
onto the land a proportion evaporates, some runs off as surface water and some penetrates
into the soil. The surface water may be collected in lakes, rivers or behind dams and so be
available for use. Water from these sources is variously contaminated. Even rain-water is
not pure, as it contains oxides of nitrogen and sulphur, dust, soot, pollen, microbes and
industrial wastes. Collected on the ground it may be further contaminated with industrial
and domestic effluents, spillages, drainings from dumps, rotting plant materials, farm
animal wastes, leached agricultural materials (fertilizers, pesticides, and herbicides) and
so on. The water which penetrates the soil is progressively filtered as it sinks downwards
and so contains less of some surface-derived contaminants and micro-organisms. On the
other hand salts may be dissolved from the pervious strata through which it passes. Thus
surface waters will be comparatively ‘soft’, i.e., will contain little in the way of dissolved
salts, in contrast to waters recovered from underground, which may be either ‘soft” or
‘hard’. Water which passes through chalk or limestone becomes enriched with calcium
bicarbonate, while in other areas it may contain calcium sulphate or salt. When the water
meets an impervious layer the pervious layers above become saturated with water and are
called aquifers. Water can be drawn from some of these. Near the sea the soil may be
saturated with brine, with less dense fresh water layered above. In these areas fresh water
must be withdrawn only slowly or the saline water table may be drawn up and brine will
enter the well. Waters with very different characterstics may be available within one area
(Rudin, 1976).

Historically, different regions became famous for particular types of beer and in part
these beer types were defined by the waters available for brewing (Table 3.1). Thus
Pilsen, famous for very pale and delicate lagers has, like Melbourne, very soft water.
Burton-on-Trent, with its extremely hard water, rich in calcium sulphate, is famous for its
pale ales while Munich is well-known for its dark lagers, and Dublin (which has similar
soft water) for its stouts. Breweries may receive water from different sources, which may
be changed without warning. Water supplies may vary in their salt contents between day
and night, from year to year and between seasons (Rudin, 1976; Byrne, 1990). It is now
usual for breweries to adjust the composition of the water they use. In some few regions
of the world saline water must be used, even sea water. In principle, several desalination
methods might be used, but in practice it seems that purified water is obtained from sea
water either by a highly thermally efficient distillation (Briggs ef al., 1981), which is very
costly, or by reverse osmosis (see below). Usually breweries obtain their water either
from their own wells, springs or boreholes (surface waters are avoided where possible) or
they may obtain them from water companies.

Boreholes may extend downwards for 200 m (approx. 656 ft.), or more, and be fitted
with an immersed pump to drive the water to the surface (Bak et al., 2001; Kunze, 1996).
Water is drawn from an aquifer via a filter. A bore is sealed to prevent surface water or
water from upper soil levels rapidly leaking down to the aquifer being used. While water
from water companies is typically of a high standard of purity and is ‘potable’, that is, it
is fit for domestic use and is safe to drink, it is costly and is not necessarily fit to use in
brewing (Baxter and Hughes, 2001). In addition, its composition and temperature are
likely to vary and limits may be set on its use. Brewers’ own water supplies will be more
uniform, and will be substantially cheaper. However, there are likely to be charges for the
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right to abstract the water and the volumes and rates of abstraction will probably be
limited to avoid exhausting the available ground water or seriously disturbing the water
table.

Most regions have strict regulations, which must be met before water is classified as
being potable, and these provide the minimum standards for brewing waters (Armitt,
1981; Bak ef al., 2001; Baxter and Hughes, 2001; Moll, 1979, 1995). These regulations
are often reviewed, the upper permitted limits for specified substances are frequently
reduced and the numbers of substances mentioned are increased. Table 3.2 indicates how
complex these ‘minimum standards’ can be. The requirements may be grouped as
‘aesthetic’ (colour, turbidity, odour and taste), microbiological standards (particularly the
absence of pathogens), the levels of organic and inorganic materials that are in solution
and the presence of radioactive materials. Some of these standards require comment.
Drinking water must be safe, and so it must contain no pathogenic bacteria, protozoa, or
viruses. However, the water is not necessarily sterile and so free of any organisms that
can infect wort or beer, which must be the case for brewing water. The limits set for
dissolved salts may be exceeded in some brewing waters. For example in Burton-on-
Trent well waters the levels of calcium and sulphate ions may be very high (Table 3.1).
Limitations on ammonia/ammonium and nitrogen levels are set since these are often
indicators of contamination with decomposing organic matter. Nitrate levels, which vary
widely, are a cause of concern as water sources are increasingly contaminated by nitrate
from leached agricultural fertilizers. The fear is that during the preparation of the beer or
in the consumer the nitrate may be reduced to nitrite (also limited, Table 3.2) and this, in
turn, may give rise to carcinogens. The need to limit amounts of toxic ions is obvious
although yeast needs trace amounts of many of them including copper, zinc, manganese
and iron. These trace elements can be obtained from the brewers’ grist. The minimum
levels for total hardness and alkalinity are set to limit corrosion in pipework. Fluoride is
often added to drinking water, but at the levels used it is harmless and without influence
on fermentation.

The organic contaminants mentioned (Table 3.2) deserve comment. Acrylamide, vinyl
chloride and epichlorohydrin are toxic substances used in the manufacture of organic
polymers and their presence indicates that unsafe disposal practices have been used.
Aldrin, dieldrin, heptachlor and heptachlor epoxide are insecticides or their metabolites.
In other countries limits on other substances, including selective herbicides such as 2,4-D
(2, 4-dichloro phenoxyacetic acid) and diquat may be specified. Some of the polycyclic
aromatic hydrocarbons are carcinogenic and the trihalomethanes confer unwanted
flavours and may be toxic. The trihalomethanes, THMs, are unfortunately named since
the organic substances in this group are not all based on the methane carbon skeleton and
not all are tri-substituted with halogens. Chlorine and bromine are the usual halogen
substitutes (Cowan and Westhuysen, 1999; Grant, 1995; McGarrity, 1990; Taylor, 1989).
THMs may be industrial solvent residues or they can arise from organic materials in the
water when this is sterilized by chlorination. Thus they can be formed during water
treatment in the brewery.

Organic materials are particularly likely to be present in surface waters and may be
dissolved or present as colloidal or suspended materials. Humic and fulvic acids are crude
mixtures of organic materials with molecular weight ranges of 500—2,000,000 and
200—1,000 respectively. These are particularly likely to give rise to THMs during
chlorination. The bromine substituents can be added when the chlorinated water contains
bromide ions. The composition of the THM group varies. It includes chloroform,
bromomethane, carbon tetrachloride, 1, 1-dichloroethane, 1,1, 2-trichloroethane and



Table 3.1 Analyses of some waters from famous brewing centres, (expressed as mg/l). The analyses of these, or any waters do not remain constant with time
(Moll, 1995; Mailer et al., 1989)

Parameter Pilsen Burton-on-Trent Miinchen (Munich) Dortmund London Wien (Vienna) Melbourne
Total dry solids 51 - 1226 536 273 984 320 984 25
Calcium (Ca®") 7.1 352 268 109 80 237 90 163 1.3
Magnesium (Mg>") 34 24 62 21 19 26 4 68 0.8
Bicarbonate (HCO; ) 14 320 - 171 - 174 - 243 -
Carbonate (CO3>7) - - 141 - 164 - 123 - 3.6
Sulphate (SO4*7) 4.8 820 638 7.9 5 318 58 216 0.9
Nitrate (NO; ") tr. 18 31 53 3 46 3 tr. 0.2
Chloride (C17) 5.0 16 36 36 1 53 18 39 6.5
Sodium (Na*) - - 30 - 1 - 24 - 45

tr. = Traces.
— = Not given.
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Table 3.2 A list of the maximum (minimum) concentrations of substances that may not be
exceeded in drinking water in the UK in 2001 (courtesy of J. MacDonald). Compare Bak et al.,

(2001); Baxter and Hughes (2001)

Parameter Units Concentration or value
Colour mg/l (Pt/Co scale) 20

Turbidity Formazin units 1

Odour Dilution number 3 at 25°C

Taste Dilution number 3 at25°C
Temperature °C 25

pH (limits) pH units 6.5-10.0

Conductivity uS/em at 20°C 2500

Permanganate value 0,, mg/l 5

Total organic carbon, TDC C, mg/l no significant increase
Total coliform bacteria number/100 ml 0

Faecal coliform bacteria number/100 ml 0

Faecal Streptococci, Enterococci number/100 ml 0

Clostridium perfringens number/100 ml 0

Sulphate reducing Clostridia number/20 ml <1

Colony counts

(In some regions tests are also
carried out for Protozoa, such as
Cryptosporidium and Guiardia)

number/ml at 25 or 37°C

no significant increase

Radioactivity (total indicative dose) =~ MSv/year 0.1
Tritium Bq/l 100
Boron B mg/l 1
Chloride Cl, mg/1 250
Calcium Ca, mg/l 250
Total hardness Ca, mg/l 60 (minimum)
Alkalinity HCO;, mg/l 30 (minimum)
Sulphate SO, mg/l 250
Magnesium Mg, mg/l 50
Sodium Na, mg/I 200
Potassium K, mg/l 12
Dry residues (after 180 °C) mg/l 1500
Nitrate NO;, mg/l 50
Nitrite NO,, mg/l 0.5
Ammonia, ammonium ions NH,4, mg/l 0.5
Kjeldahl nitrogen N, mg/1 1.0
Dissolved or emulsified hydrocarbons

Mineral oils ng/l 10
Benzene ng/l 1
Phenols C¢HsOH, pug/l 0.5
Surfactants (detergents) as lauryl sulphate, pg/l 200
Aluminium Al, pg/l 200
Iron Fe, pg/l 200
Manganese Mn, pug/l 50
Copper Cu, mg/l 2
Zinc Zn, mg/l 5
Phosphate P, mg/l 2.2
Fluoride F, mg/l 1.5
Silver Ag, ug/l 10
Arsenic As, ug/l 10
Bromate BrO;, pg/l 10
Cadmium Cd, pg/l 5
Cyanide CN, ug/l 50
Chromium Cr, pg/l 50
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Table 3.2 Continued

Parameter Units Concentration or value.
Mercury Hg, pg/l 1
Nickel Ni, pg/l 20
Lead Pb, ug/l (will be reduced

in 2013) 25
Antimony Sb, pg/l 5
(Elsewhere limits are set on other substances, such as thallium, beryllium, uranium and asbestos)
Acrylamide g/l 0.1
Vinyl chloride g/l 0.5
Epichlorohydrin ng/l 0.1
Aldrin g/l 0.03
Dieldrin ng/l 0.03
Heptachlor g/l 0.03
Heptochlorepoxide ng/l 0.03
Other pesticides g/l 0.1
Pesticides, total ug/l 0.5
Polycyclic aromatic hydrocarbons* ng/l 0.1
Benzo(a)-3,4-pyrene ng/l 10
1,2-Dichloroethane ug/l 3
Tetrachloromethane g/l 3
Trichloroethane g/l 10
Tetrachloroethane & trichloroethene — pug/l 10
Trihalomethanes, total g/l 100
Substances extractable in chloroform mg/1, dry residue 1

*Sum of individual concentrations of members of a list of substances benzo[b]fluoranthene, benzo[k]fluor-
anthene, benzo-11,12-fluoranthene, benzo[ghi]perylene and indeno-[1,2,3-cd]pyrene.
Sum of chloroform, bromoform, dibromochloromethane and dibromodichloromethane.

tetrachloroethane together with a range of other substances. Some THMs are also VOCs,
(volatile organic compounds). Their volatility is the basis of their partial or total removal
during gas-stripping processes (as when removing carbon dioxide after dealkylation, or
oxygen removal) or during mashing and in the copper boil. THMs are also removed by
active carbon filtration and partly removed during reverse osmosis. Chlorination of
aromatic, organic materials can give rise to other undesirable materials, including
medicinally flavoured chlorophenols.

3.3 Preliminary water treatments

Most brewers find it necessary to treat the water coming into the brewery. The variety of
substances that may occur in water is large, and different treatments are needed to deal
with them (Fig. 3.1). Different waters require different treatments and brewers require
grades of water treated in different ways depending on the uses to which it will be put. In
some instances it may only be necessary to pre-treat the liquor, while in other cases
extensive further treatment will be needed. Preliminary treatments may involve aeration,
sedimentation (with or without the prior addition of coagulants and flocculating agents,
which initially require vigorous stirring, followed by more gentle stirring to encourage
the build up of flocs), flotation, filtration and sterilization. Some of these treatments may
be used more than once (e.g. sterilization) during the preparation of liquors. Aeration
with compressed air (with or without ozone) is used to oxidize ferrous ions to ferric
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Fig. 3.1 The sizes of dissolved, colloidal and suspended materials that must be considered in
water purification and the methods used in removing them (Bak ez al., 2001; Briggs et al., 1981).

oxide/hydroxide (which separates from solution), to remove volatile organic substances,
hydrogen sulphide, and carbon dioxide from water. Water is sprayed onto the top of a
column filled with plastic packing, and flows downwards against a counter-current flow
of air, which carries away the unwanted volatile substances.

Measured amounts of ferric chloride or aluminium sulphate, with or without some
organic polyelectrolyte, may be added to water to act as coagulants. The salts hydrolyse,
giving rise to voluminous precipitates of hydrated ferric hydroxide or aluminium
hydroxide. After thorough mixing the precipitates are allowed to settle, carrying down
inorganic and some organic suspended matter. The comparatively clear supernatant is
removed, leaving the sludge to be collected and dumped. Untreated water may also have
a sedimentation treatment to allow the denser suspended materials to settle, or it may be
filtered. If the water is rich in dissolved iron or manganese these should be removed. Iron
in particular can deposit oxides as slime which blocks pipes and can clog filters. In the
brewing process iron ions give colours with polyphenols and, probably acting as
oxidation catalysts, promote flavour and haze instability. Aeration or treatment with
oxidizing agents, such as chlorine, converts ferrous ions to ferric ions which then separate
as ferric hydroxide. Oxidizing agents are also needed to convert manganese to a
precipitable form. Sedimentation or flotation are generally used before filtration. To
achieve sedimentation the water is passed into a large tank in which it moves quietly and
slowly to allow the solids to precipitate or the water may pass through lamellar
separators, or centrifuges or hydrocyclones (Bak ef al., 2001). Alternatively, flocculated
material may be removed by flotation in which finely divided bubbles of air rise from the
base of a vessel and carry the flocs to the surface, where they accumulate and are
removed by skimming.

Often suspended materials are removed from water by coarse filtration. It may be
passed through a bed of sharp, calcined sand that may be 2—3 m (6.6—10 ft.) thick or it
may pass through successive layers of granular plastic (3—5 mm), anthracite (2—3 mm)
and sand (0.5—1.5mm). When the filter becomes blocked, as signalled by a rising
resistance to the water flow, it is back-flushed with a reverse stream of water to carry
away the blocking particles. In special BIRM filters the sand is mixed with manganese
dioxide, which catalyses the oxidation, and so the precipitation, of ferrous ions as ferric
hydroxide. A newer device is the fibrous depth filter. Fibres are firmly twisted together
around a support to form a tube, creating an efficient filter, which is able to exclude more
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than 98% of particles over 2 um in diameter. To clean the filter the tension is reduced and
the enlarged spaces between the fibres are cleaned with a back-wash. Cartridge filters,
which exclude particles over 5 um, may also be used.

Water in breweries may be sterilized more than once at different stages. Chemical
sterilants are chlorine, hypochlorites, chlorine dioxide, ozone and, less often, silver.
Physical sterilants used are exposure to ultraviolet light, sterilizing filtration and, rarely
(except during the hop-boil), heat. Chlorine, used as the green-yellow gas or as sodium,
potassium, or calcium hypochlorites, is a commonly used sterilant. One recommendation
is that the level of available chlorine should initially be 5mg/1 that the water should be
held at least for 30 min., to allow the sterilant to act and at this time the level of free
chlorine should not have fallen below 1mg/l. This recommendation emphasizes that
chlorine is a highly reactive compound and a strong oxidizing agent that is used up during
water sterilization but that it remains in solution long enough to have a useful ‘residual’
sterilizing effect. Disadvantages of using chlorine include the formation of chlorophenols
and THMs from organic substances in the water. Unwanted residual chlorine may be
removed by aeration, evaporation, by filtration through active carbon, or by adding
bisulphite or sulphite to the liquor, when the chlorine is reduced to chloride ions while the
sulphite is oxidized to sulphate. If the water contains ferrous ions chlorine will oxidize
them to ferric ions, which will then form flocculent ferric hydroxide.

Chlorine dioxide, ClO,, an unstable, yellow, explosive gas that is generated on site
immediately before use, from hydrochloric acid and sodium chlorite:

5NaClO4 + 4HCI — 4CIO; + 5NaCl + 2H,0

It is a strong oxidizing agent. Unlike chlorine, it does not chlorinate organic substances
and so does not give rise to THMs or unwanted flavour compounds. Indeed it destroys the
off-flavours given by some chlorophenols. Its ‘residuals’ last for a shorter period than
those of chlorine and so this agent is less effective at preventing re-infection. A contact
time of 15 min. is desirable. Ozone, O3, is formed on site by passing dry air or oxygen
through an electrical generator. This gas is a strong oxidizing agent, but its lifetime is
short and so it gives almost no residual protection against re-infection. This agent is said
to be more effective against Giardia, cysts of other protozoa and some viruses and
bacteria than chlorine or chlorine dioxide. It is also effective at destroying some taints
and odours. Treated water should initially contain 1—3 g ozone/m>. Treatment should be
extended from 3 to 15 min. and the higher doses should be used if iron and/or manganese
ions are to be oxidized. Ozone is toxic and should be degraded before waste gases are
vented to the atmosphere. Silver ions, generated by the electrolytic ‘katadyn process’ are
also effective sterilants under some conditions but their use is not permitted everywhere
and impurities in the water can reduce their effectiveness. All the sterilants mentioned
must be handled with care, as they can be dangerous.

Sterilization with ultraviolet light, UV, relies on the fact that emissions at wavelengths
around 260 nm are absorbed by nucleic acids, which are then disrupted. Thus UV light from
low-pressure mercury lamps is able to kill microbes, including viruses, but of course the
treatment leaves no sterilizing residue. The long tubular lamps are housed in quartz tubes
and the water flows past in a tubular metal housing which limits the length of the UV light
path. The water must be clear and colourless and not give deposits to avoid blocking the
UV radiation. The dwell time in the radiation chamber must be sufficient for sterilization to
be complete. UV treatment of water containing dissolved ozone is more effective than
either agent alone, and chlorinated hydrocarbons are fully oxidized, to carbon dioxide and
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hydrochloric acid, and the COD of the water is reduced. The lamp tubes must be checked
regularly and must be replaced as they approach the end of their working lives. Personnel
must not be exposed to this radiation. Bacteria and fungi (but not viruses) can be removed
by sterile filtration through special membranes (wound membranes or hollow fibres)
having, for example, notional pore sizes of 0.2 or 0.45 um. Such membranes can easily be
blocked and so the water must be free of components that can deposit sludge or scale or
contain fine suspended matter therefore the water to be sterilized must be pre-treated and
carefully filtered. Pasteurization is rarely applied to water, but is used on some beers
(Chapter 21). Other treatments, such as flocculation or reverse osmosis, deplete or remove
microbes, but these processes are primarily used for other purposes.

3.4 Secondary water treatments

Water used in breweries is usually treated to adjust its composition (Bak et al., 2001; Benson
etal., 1997; Blackmann, 1998; Comrie, 1967; Mailer et al., 1989; Moll, 1995; Taylor, 1989).
Treatments may reduce levels of organic compounds in solution or adjust the ionic
composition of the liquor. In the past this subject was confused by widely differing methods
of expressing salt concentrations (Moll, 1979,1995; Appendix). Here units of mg ion/l will
be used. Tons in beer can influence its flavour (see below) and calcium ions in particular
influence the mashing process (Chapter 4). Discussions of water composition often involve
the term ‘hardness’. ‘Soft” water contains low concentrations of dissolved salts, particularly
salts of calcium and (with less emphasis) salts of magnesium. ‘Hard” water contains high
concentrations of salts, usually mainly calcium bicarbonate or calcium sulphate. ‘Temporary
hardness’ is caused chiefly by calcium bicarbonate and is so-called because if the water is
boiled the bicarbonate is converted to the carbonate, which precipitates leaving the clarified
water ‘softened’. In contrast ‘permanent hardness’ is mainly caused by calcium sulphate,
and this remains in solution when the water is boiled. The distinction is important if the
liquor is to be used for mashing or, even more, for sparging.

While temporary hardness can be removed by boiling water, this process is costly and
is usually avoided although it may be beneficial in other ways, such as sterilizing the
water, driving out the dissolved oxygen and evaporating volatile contaminants such as
THMs. The decomposition of the bicarbonate occurs as:

Ca(HCO;), — CaCO; | + H,0+CO, |

Magnesium bicarbonate is also decomposed by boiling, but magnesium carbonate is
appreciably soluble, and so its removal is incomplete. The calcium carbonate precipitates
and the carbon dioxide is driven off. Boiling also accelerates the oxidation of ferrous ions
to ferric ions, which precipitate as the hydroxide. Treatments with lime water may be
used to remove temporary hardness from water. A calculated amount of lime-water, or a
slurry of lime in water, is mixed with the water. Calcium carbonate is precipitated:

Ca(HCO3), + Ca(OH), — 2CaCO; | +2H,0
CO, + Ca(OH), — CaCO; | +H,0

In older plant the precipitate of calcium carbonate settles slowly, but in a more modern
and fully automated plant the calcium carbonate is deposited on crystalline granules of
the same material 0.1—2.5 mm in diameter. In either case residual suspended calcium
carbonate is removed, for example by sand filtration. The calcium carbonate is used in
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agriculture, spread on fields to reduce soil acidity. After the lime treatment the water is
alkaline and, for brewing purposes, must be adjusted to about pH 7. In Germany, and
elsewhere where the use of mineral acids is forbidden, this is achieved by adding carbon
dioxide. However, where it is permitted, the alkalinity is reduced by additions of food
grade acids, commonly mineral acids but sometimes lactic acid. When the water contains
an appreciable amount of magnesium bicarbonate it may receive a ‘split treatment’. A
portion of the water is dosed with a high level of lime. Calcium carbonate precipitates and
magnesium precipitates as the hydroxide:

Mg(HCO3), + 2Ca(OH), — Mg(OH), | +2CaCO; | +H,0

This partly treated water is strongly alkaline, with a pH of about 12. It is mixed with the
remainder of the water (about two-thirds of the amount being treated), precipitating the
calcium bicarbonate as the carbonate. After clarification the pH of the water is adjusted.
Thus calcium bicarbonate and some of the magnesium salts are removed. Both the lime
water treatments also precipitate iron and manganese ions, as hydroxides, and the
precipitates entrain and remove some organic contaminants. Another way of removing
bicarbonate ions from solution is to acidify the water and then remove the carbon dioxide
formed with aeration. Thus:

Ca(HCO3)2 + H,SO4 — CaSO4 + 2H,CO3
H2C03 — HzO + C02 T

The food-grade acid used depends on flavour, safety and operational considerations.
After acidification the water is passed down a packed tower against an upward stream of
air that carries away the carbon dioxide. Incidentally, it also removes some volatile
organic compounds and chlorine, if these are present.

Several types of ion exchange treatments may be applied to brewing waters. Modern
ion exchange resins are now used rather than the old mineral ion exchangers, such as
zeolites. The resins are beads of varying porosities, often of cross-linked polystyrene,
which carry acidic or basic groups. Ion exchange treatments may be fully automated.
Resins must be free of flavoured, low molecular weight organic materials, and they must
not be exposed to chlorine, which will attack them. Iron and manganese must have been
removed from the feed water and this is carefully filtered to prevent the resin beds
becoming blocked. The costs of ion exchange treatments include the costs of regenerating
the resins and of disposing of the regeneration liquid chemical wastes. The treatments
may be divided into dealkalization, softening and demineralization. In dealkalization,
which removes temporary hardness, the water is passed through a packed column of a
weakly acidic cation exchange resin, which carries carboxylic acid groups. This resin
exchanges hydrogen ions for calcium and magnesium ions in the water. The hydrogen
ions combine with bicarbonate ions in the water forming carbonic acid and this then
dissociates reversibly to carbon dioxide and water:

Res? 2H2 + Ca®™ — Res® Ca?" + 2H"
HY + HCO;™ < H,CO3 « CO, T +H,0

The water is then passed down an aeration tower where the carbon dioxide is removed
together with some volatile organic compounds, VOCs, and chlorine.

After ion exchange treatment water is often passed through active carbon filters as a
precaution to remove any unwanted off-flavoured compounds that may be released from
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the resins. In time the exchange capacity of the resin is exhausted and it has to be
regenerated. Both the resin and the acid used to regenerate it are comparatively
inexpensive and indeed this treatment may be used before demineralization to reduce the
cost of this latter process. The waste regeneration liquid is acidic. Water softening can be
carried out by adding sodium carbonate to water containing, for example, calcium
sulphate. Calcium carbonate precipitates leaving the more soluble sodium sulphate in
solution. More often softening is carried out by ion exchange. A strongly acidic ion
exchange resin, carrying sulphonic acid groups, is loaded with sodium ions. When the
water passes through the resin this exchanges sodium ions for the more strongly bound
divalent metal ions, like those of calcium and magnesium. The softened water is used
where the use of hard water might give rise to scales and deposits of sludge, for example
in cooling water, in boilers and in rinsing water.

Demineralization involves treating the water with strongly acidic and strongly basic
resins loaded with hydrogen and hydroxyl ions respectively. The water may go through
two resin beds working in series or mixed bed resins may be used. Aeration may be used,
either after passage through the strongly acidic resin or after the entire treatment, to
remove liberated carbon dioxide. Mixed bed resins are returned to the makers for
regeneration. Using this system all the positively charged ions in the water are exchanged
for hydrogen ions and all the negatively charged ions are exchanged for hydroxyl ions.
For example:

Res’ 20H™ + SO42~ — Res**S0,2~ +20H~
Res’ 2H" + Ca’* — Res®> Ca?*™ +2H*
HY + OH™ < H,0

The hydrogen and hydroxyl ions combine to give water. Demineralization can give very
pure water. Very strong basic resins can even remove silicate ions and some organic acids
and the resins can at least partly remove some herbicides and their breakdown products.
Temporary and permanent hardnesses are removed and so are all ions, including nitrate.
It is now commonplace for brewing water to be demineralized and then for the
compositions of the process streams to be adjusted to meet the different process
requirements. This is convenient, since fluctuations in the composition of the incoming
water become irrelevant and different brewing liquors can be prepared as needed for
different beers. The processes of demineralization and reverse osmosis are in direct
competition. If the levels of the total dissolved salts are comparatively low (TDS < 1,000
mg/l) then demineralization is likely to be chosen, despite the cost of regenerating the
resins. Typically some 10—15% of the incoming water is used in the regeneration
processes and goes to waste.

Reverse osmosis (RO) is attractive if the water to be purified is high in total dissolved
solids (> 1,000 mg/l; Benson ef al., 1997; Berkmortel, 1988a. 1988b; McGarrity, 1990;
Thompson, 1995). There have been great advances in the technology of making
membrane units either in the form of hollow fibres or as spirally wound sheets. The semi-
permeable membranes used in reverse osmosis are permeable to water but they are
impermeable to microbes, ions and organic substances of molecular weight > 200. If pure
water is separated from a salt solution by a semi-permeable membrane (i.e. permeable to
water but not to solutes) there is a net migration of water through the membrane into the
salt solution. If the pressure on the salt solution is increased then at a particular value it
can balance the osmotic pressure, the tendency of the water to migrate into the salt
solution, and no net movement of water will occur. If the pressure on the salt solution is
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increased still more water will be driven through the membrane from the salt solution,
which is concentrated, and the permeate will be substantially pure water. High-pressure
pumps are needed to drive this process. In an extreme case a pressure of 25 bar (367.5 psi)
is needed to desalinate sea water with a TDS of 35,000 mg/l. This extreme degree of
desalination may be carried out in two steps. The water under pressure flows across the
membranes and about 75% is recovered as purified permeate and 25% as concentrated
‘saline’. In many cases this ‘saline water’ is still of use for hosing down, etc.

In a less extreme case a feed water with a TDS of 1200 mg/1 treated by reverse osmosis
(RO) gave rise to a permeate with 1 —8 mg/l TDS. RO plant has no regeneration costs and
can be cleaned automatically (CIP). On the other hand many of the membranes must be
protected from chlorine and, to prevent membrane blockages, the feed water must be free
of suspended solids, manganese or iron salts or materials that can form scales or sludges.
Therefore the water may need pre-treatment and it must be filtered, probably through a
sand filter and then through a fine filter removing particles > 10 ym diameter (Braun and
Niefind, 1988). Filtration also protects the high-pressure pumps from damage by abrasive
particles. As the salt concentration of the water increases so does the cost of treatment,
but not to a proportional extent. Sets of membranes are expected to last about five years
therefore a treatment could involve filtration through a BIRM filter, acidification, the
removal of carbon dioxide in an aeration tower, very fine filtration and then RO. Reverse
osmosis is now in widespread use. In contrast, electrodialysis, a competing technology,
seems not to have found favour.

Brewing water is often passed through layers of active carbon. This ‘carbon filtration’
is used to remove residual chlorine, humic and fulvic acids, many aromatic organic
substances, some pesticides, some THMs and phenolic substances, and unwanted
coloured, flavoured and odorous materials. Charcoals from different sources differ in
their adsorbtive capacities and the types of substances that they remove best (Gough,
1995). Bituminous coal, anthracite or coconut shells, as examples, are pyrolysed, giving
products that are predominantly microcrystalline graphite. These are then ‘activated’ by
one of several methods. The material chosen for use must have the correct particle sizes,
be strong enough to resist some wear, be of a ‘food grade’, and have the correct
adsorbtive characteristics. A charge for a filter should last for five to seven years. The
liquor reaching the filter should be sterile and well filtered and have been treated so that it
does not give deposits. With the passage of time the filter will tend to become blocked
and a source of microbiological infection. In addition, its adsorbtive capacity will tend to
become saturated and so the charcoal must be cleaned, sterilized and regenerated. As a
routine, carbon filters are backwashed with chlorinated water and then drained and
steamed. Sterilization of the liquor coming from a carbon filter must be by a technique
that leaves no residues. Consequently UV radiation is often used or, less often, ozone.

Brewers are increasingly concerned to exclude air, or rather the oxygen in the air, from
their beers and from the production stream. To help to achieve this several methods for
deoxygenating water are in use (Andersson and Norman, 1997; Benson et al., 1997,
Cleather, 1992; Kunze, 1996). In some instances the carbon dioxide and/or nitrogen
levels of the liquor are adjusted as the oxygen is removed. As the temperature of water
rises so the amount of oxygen that it will hold in solution declines (Table A12 on page
844) therefore water can be at least partly deaerated by boiling or stripping with (clean)
steam. This approach is costly. Another method is to heat the water to 85°C (185 °F) or
more and then spray it into a vacuum chamber to remove the dissolved gas. More than
one treatment may be needed. Another approach is to saturate, under pressure, the water
to be deoxygenated with carbon dioxide or nitrogen. The water is then transferred into a
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low-pressure chamber when the gas bursts out of solution carrying the dissolved oxygen
with it. The chamber may be ventilated with the carrier gas. Merely bubbling carbon
dioxide or nitrogen through the water is not sufficient.

Several methods seem to be preferable to those described; water can be sprayed into
the top of a tower packed with a plastic filler. As the water trickles down as a thin film it
meets an upflow of the stripping gas, carbon dioxide or nitrogen. The stripping gas may
be sterile filtered. The liquor loses its oxygen to the stripping gas, which removes it
efficiently as the system works on the counter-current principle. An alternative approach
is to pass the water across a hydrophobic but gas-permeable membrane (hollow fibre or
spirally wound format. Brown et al., 1999). The non-water side of the membrane may be
a vacuum or a flowing stripping gas. The water loses its oxygen through the membrane.
Several of the methods mentioned ensure that the water is saturated with the chosen
carrier gas. Another method for reducing dissolved oxygen, DO, levels is its catalytic
reduction with hydrogen. The DO level of a stream of flowing water is sensed and the
appropriate amount of hydrogen is dosed into the water stream and is dissolved under
pressure. After thorough mixing the water passes over a palladium catalyst (supported on
beads of an ion exchange resin) and the oxygen is reduced to water. Using this technique
the oxygen content of the water can be reduced to as little as 0.002 mgO,/l. In some
instances, e.g., in some boiler waters, sulphite salts may be added to react with, and so
‘scavenge’, oxygen. The sulphite is oxidized by the oxygen, becoming sulphate.

3.5 Grades of water used in breweries

The mixture of dissolved substances judged suitable in liquor used for mashing may
differ from those present in sparge liquor or dilution liquor and will certainly differ from
those preferred in cleaning or boiler waters. Mashing liquor may not be completely
sterile, but its microbial count must be low. Increasingly, brewers employing newer types
of plant will mash with oxygen-reduced or oxygen-free water and under conditions such
that oxygen pick-up is minimal. The mixture of salts present in the liquor may have been
supplemented or adjusted. The addition of calcium sulphate and/or chloride, ‘Burtoniza-
tion’, is common and when demineralized or reverse osmosis processed water is used as
the base all the salts present will have been added. The salts used and their concentrations
are decided with reference to their functions in mashing (Ch. 4; cf. Table 3.1) and their
flavours. To reduce the pH of a malt mash by 0.1 unit requires the addition of 300 g
calcium sulphate or 250 g calcium chloride/100 kg malt, the salts being added in the
brewing and sparging liquor (Comrie, 1967).

The flavours of chloride and sulphate ions are different. It is recommended that brewing
liquors for Burton style pale ales should have a sulphate to chloride ratio of 2:1 to 3:1. For
mild ales the concentration of calcium should be less and the ratio should be about 2:3,
while liquor for stouts should contain little or no sulphate. Sparge liquors may resemble
mashing liquors, but it is desirable that the bicarbonate levels are very low, otherwise there
is an undesirable rise in the pH of the last runnings as the buffering substances are leached
from the mash. Deaerated and sterile water is required for pre-run and chase water
preceding and following beer through pipework and for carrying slurried kieselguhr when
forming the pre-coat on filters. Water that is sterile, deoxygenated, correctly carbonated and
has the correct ionic composition and pH is used to dilute ‘high gravity’ beers to their final
strengths. Sterile water is also used to slurry and wash yeast. When water is to be heated
during use, as in cooling water or in the pasteurizer, it needs to have been softened,
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demineralized or otherwise treated to prevent the deposition of sludges and scale, which
can cover surfaces and interfere with heat exchange and may even block pipework. In
addition, carbon dioxide and oxygen should be removed to minimize corrosion and
antimicrobial agents may be added. In some instances the pH of heating water is adjusted
with phosphate salts and scale-softening agents, such as tannins, may be added.

While some high-pressure boilers require a supply of fully de-ionized, oxygen-free
water, low-pressure boilers may operate with softened water sometimes dosed with
chelating agents, such as EDTA or polyphosphates, to prevent the deposition of calcium
salts on the heat-exchange surfaces (Ibbotson, 1986). Sludges are removed by ‘blowing-
down’, that is, ejecting them from the boiler to waste. Water being cooled in cooling
towers should be treated with biocides to check the build up of populations of
undesirable organisms, including beer-spoilage organisms and Legionella. For cleaning
in vessels, pipework, bottles, kegs, etc., the water used should be sterile and it may
contain traces of sterilant (e.g. ClO;). It must not leave deposits after draining. Water
used for general cleaning, but that does not come into contact with the microbe-free
surfaces that will contact wort or beer, can be of a lower quality and need not be sterile.
Clearly, supplying liquors of the correct grades for different uses around a brewery can
be a comparatively complex process. The objective must be to obtain supplies of the
various grades as simply and inexpensively as possible. The ways in which this is
achieved are very varied.

3.6 The effects of ions on the brewing process

Ions present in brewing water have a range of effects on the production process and the
quality of the product (Bak et al., 2001; Comrie, 1967; Moll, 1995; Taylor, 1981,1989).
In this section the roles of major ions will be considered in turn. It will be understood that
other ions are added to the process stream from the grist and from the hops. In addition
solid salts may be added directly to the mash or to the wort. Calcium ions (Ca®", at. wt.
40.08) serve several important functions in brewing. They stabilize the enzyme a-
amylase during mashing and, by interacting with phosphate, phytate, peptides and
proteins in the mash and during the copper boil, the pH values of the mash and the wort
are usefully reduced. For example:

3Ca’" 4 2HPO,*>~ +20H™ — Ca;(POy), | +2H,0
or
3Ca’" 4 2HPO,> — Ca3(POy), | +2H"

If bicarbonate ions are also present (the water has temporary hardness) these can more
than offset the effect of calcium and cause a rise in pH (Chapter 4). Perhaps the
concentration of calcium ions should not greatly exceed 100 mg/1 in the mashing liquor as
no great advantage is gained from higher doses and there is the risk that too much
phosphate may be removed from the wort, and the yeast may then have an inadequate
supply. Another recommendation is that calcium should be in the range 20—150 mg/I,
depending on the beer being made.

Calcium oxalate, Ca(COO),, is deposited as beer stone during fermentations, and an
adequate level of calcium ions ensures that the deposition is nearly complete. Crystals of
calcium oxalate formed later in packaged beer provide nuclei for the breakout of carbon
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dioxide and so can cause gushing and haze. In mashing the fall in pH caused by calcium
ions favours proteolysis and so an increase in FAN, and faster saccharification. The more
acid conditions also reduce wort colour, hop utilization and favour a reduction in
astringent flavours. Calcium ions favour the formation of a good, flocculent hot break
(trub) and yeast flocculation, but they seem to have little effect on flavour.

Magnesium ions (Mg>", at. wt. 24.32) are needed by many yeast enzymes, such as
pyruvate decarboxylase. In some respects the effects of this ion resemble those of the
calcium ion, but the effects on pH from interactions with phosphates are less pronounced,
being about half, because the salts are more soluble. While high concentrations of
magnesium ions are unusual, they can impart a sour or bitter flavour to beer. High,
laxative concentrations are not reached. An upper limit of 30 mg magnesium ions/litre
has been proposed.

Sodium ions (Na“, at. wt. 23.0) occur in some waters and sodium chloride is the main
solute in saline waters. Sodium ions can impart sour/salty flavours at high concentrations
(over about 150 mg/litre, which is also a proposed maximum concentration) and sodium
chloride may be added to brewing liquors (75—150 mg/1) to enhance ‘palate-fullness’ and
a certain sweetness. Sometimes potassium chloride is added instead, at low
concentrations, to achieve a less sour flavour. Excess potassium ions ((K', at. wt.
39.1) > 10mg/l) can have laxative effects and impart a salty taste.

Hydrogen ions (H™ at. wt. 1.01) and hydroxyl ions (OH ™, at. wt. 17.01) are always
present in water, which is neutral when these ions are present in equimolecular amounts,
[H] = [OH]. The negative log;, of the hydrogen ion concentration, expressed in
molarity, is the pH. As the temperature rises the dissociation of the water increases, the
hydrogen ion concentration increases, and so the pH of water at neutrality declines (Table
A8 on page 842).

Iron ions (Fe2+, ferrous and Fe3+, ferric; at. wt. 55.9) can occur in solution, for
example, as ferrous bicarbonate or complexed with organic materials. Ferrous water is
undesirable for brewing purposes, since it can deposit slimes (probably after oxidation, as
red-brown hydrated ferric hydroxide), which can block pipes, filters, ion exchange
columns, reverse osmosis equipment, etc. In addition, iron ions can confer dark colours to
worts and beers by interacting with phenolic substances from the malt and hops and can
convey metallic, astringent tastes to beers, give hazy worts and inhibit yeasts. The ions,
possibly because of their ability to act as oxidation/reduction catalysts, favour haze
formation and flavour instability. At concentrations of > 1 mg/l iron ions are harmful to
yeasts. Perhaps concentrations should be reduced to less than 0.1 mg Fe/l. For all these
reasons, and because of the difficulties that they can cause in some water treatments, it is
usual to reduce the levels of dissolved iron early in a water treatment process.

Copper (Cu?", at. wt. 63.5) presented problems in brewing when vessels and pipework
were made of copper but since these have come to be made of stainless steel there have
been fewer problems with dissolved copper in breweries. Copper ions are toxic and
mutagenic to yeasts, which accumulate them and develop ‘yeast weakness’. Another
source of copper ions was the older, copper-based fungicides applied to hops. Copper
ions are oxidation/reduction catalysts and their presence favours flavour instability and
haze formation in beer. Brewing liquor should contain < 0.1 mg copper/litre.

Manganese (Mn?", manganous; Mn*", manganic; at. wt. 54.9) levels in brewing water
should be low, (< 0.2 mg/litre or even < 0.05 mg/litre) but trace amounts of this element
(and copper and iron) are needed by yeast. Like copper and iron these ions are oxidation/
reduction catalysts and have adverse effects on flavour and beer colloidal stability.
Manganese is less easily removed from water than iron.
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Ammonia (NH;, m. wt.17.03) and ammonium ions (NH, ", m. wt. 18.04. pK, = 9.25 at
25°C) occurs almost entirely as ammonium ions under brewing conditions. Ammonia in
water indicates that the water may be contaminated with rotting organic matter and a
proposed maximum concentration is 0.5 mg/litre. However, ammonia can escape from
refrigeration equipment and this, very water-soluble, gas is toxic.

Zinc (Zn*", at. wt. 65.4), if present in appreciable amounts in brewing water, usually
inicates that this ion has been picked up during transfer or storage. High concentrations in
ground waters are unusual. At high levels this substance can be toxic, the upper permitted
concentration in potable water is 5 mg/l (Table 3.2). High concentrations are damaging to
yeasts but small amounts are essential. Not infrequently the levels of zinc in worts are
insufficient to maintain good fermentations and in these cases the worts may be
supplemented with additions of zinc chloride (0.15—0.2 mg/l). The recommended range
in brewing liquor is 0.15—0.5 mg/litre.

Bicarbonate (HCO; ™, m. wt. 61.02) and carbonate ions (CO5>~, m. wt. 60.01). The
stages of the ionization of carbonic acid, formed by the hydration of carbon dioxide, are:

CO, + H,0 < H,CO; <> HT + HCO3;™ « 2H" 4+ CO52~

The pK, values of the first and second dissociations, at 25°C, are 6.4 and 10.3
respectively. Thus at brewing pH values carbon dioxide is present as the gas, as carbonic
acid and as the bicarbonate ion. High levels of bicarbonate ions in brewing water are
undesirable since they cause unwanted increases in pH during mashing and sparging and
in the hop-boil. Probably the concentration of bicarbonate ions in brewing liquor should
never exceed 50 mg/l.

Sulphate ions (SO,%~, m. wt. 96.07); sulphate is the major counter ion to calcium and
magnesium ions in permanently hard water. The ion contributes a drier, more bitter
flavour to beers that should be balanced by appropriate amounts of chloride ions. Yeasts
metabolize sulphate producing, inter alia, small amounts of hydrogen sulphide, (H,S),
sulphur dioxide, (SO;), and other substances that contribute to the aromas of beers
brewed with sulphate-rich water. The classic example is the ‘Burton nose’ of the ales
brewed at Burton-upon-Trent. Acceptable sulphate concentrations are in the range
10—250 mg/litre.

Chloride ions (Cl, at. wt. 35.5) occur at high levels in saline waters. High levels are
reported to limit yeast flocculation but to improve beer clarification and colloidal
stability. Chloride ions contribute to the mellow, palate-full character of beer. The ratio of
chloride to sulphate helps to regulate the saline/bitter character of beer. Ratios and
concentrations for different types of beers have been proposed (see above; Comrie, 1967).
A reasonable maximum concentration is 150 mg/litre.

Nitrate (NO5;~, m. wt. 62.01) and nitrite ions (NO, ™, m. wt. 46.01); there is concern
about the rising levels of nitrate ions being found in ground waters. These ions are
derived from agricultural fertilizers being leached from the topsoil and filtering down to
the aquifers that supply water. Other sources are sewage and rotting organic matter. Even
if the nitrogen is initially present as ammonium ions these are quickly oxidized to nitrate
in the soil. Potable water usually has an upper limit of 50 mg nitrate/l and a limit of 0.1 or
0.5 mg nitrite/l, and these limits must not be exceeded in beers. However, brewers require
lower levels in their brewing water since nitrate will be added to wort from the hops. The
concern is that bacterial contaminants may reduce nitrate to nitrite. Nitrite ions can be
toxic, they can give colours with tannins and, of most concern, can give rise to potentially
carcinogenic nitrosamines.
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Phosphate ions (e.g. HPO5*~, m. wt. 80.01); the stages of ionization of phosphoric
acid are:

H;PO, — H' 4+ H,PO,~ < 2H" 4+ HPO4>~ « 3H' + PO,*~

The pK, values for the successive dissociations, at 25 °C, are 2.0—2.2, 6.7—6.8 and 12.4.
Thus at mashing, wort and beer pH values, around pH5, most phosphate is present as the
H,PO,  ion. There are regulatory limits on the concentration of phosphate phosphorus
that may be present in potable water, and a suggested maximum in brewing liquor is 1
mg/litre. Most of the phosphate in beer is derived from malt, although phosphoric acid or
acid phosphate salts may be used to adjust the pH or to release carbon dioxide from
bicarbonate-rich waters. Worts can also contain the organic phosphate phytate (salts of
phytic acid), derived from malt. Phosphates are important pH buffers in brewing and
interactions between calcium ions and phosphates, and other substances, usefully reduce
the pH in mashing and during the hop-boil. Phosphoric acid is also used for acid-washing
yeasts.

Silicate ions (e.g., SiO532 7, m. wt. 76.09); silica can dissolve to form a range of ions,
with various silica to oxygen ratios. Reportedly high concentrations of silicates can
damage yeasts and give rise to hazes in beers but if so, these events must be infrequent.
The most significant effect of silicates is the deposition of scales, formed between silicate
and calcium and magnesium ions, when the water is heated. An upper acceptable
concentration of silicate may be 40 mg/litre.

Fluoride ions (F, at. wt. 19.00) occur in some ground waters. They rarely reach toxic
levels. Potable waters have upper concentration limits of about 1.5 mg/litre. Small
amounts of fluorides may be added to water for domestic use to reduce the incidence of
dental caries. Even at substantially higher levels (10 mg F/litre) the ions are without
perceptible effects on brewing.

3.7 Brewery effluents, wastes and by-products

Breweries generate wastes, by-products, pollutants and effluents (Armitt, 1981; Brooks et
al., 1972; Huige, 1994; Isaac, 1976; Isaac and Anderson, 1973; Klijnhout and Van Eerde,
1986; Meyer, 1973; Rostron, 1996). These must be dealt with in the least costly way or,
in one or two instances, profitably. Into these categories come noise, heat, odours, dusts
(from malt and adjuncts), cullet (broken glass), waste aluminium cans, plastic waste,
domestic and laboratory wastes, carbon dioxide, trub, spent grains, spent grain drainings
and pressings, surplus yeast, used kieselguhr from filters, waste beer, wort, waste water,
boiler blow-down sludge, and acids, alkalis and detergents (from CIP and other cleaning
systems), labels, lubricants, copper condensate, PVPP and ion exchange regeneration
reagents, and so on. Dealing with these is expensive. Breweries generate large volumes of
waste water, and most of the remainder of this chapter is concerned with its disposal.
However, all wastes and by-products must be disposed of quickly in the interest of saving
space and minimizing the risks of microbial contamination. Broadly, all wastes are either
dumped or disposed of for recycling or sold or discharged into a sewer or a waterway or
the sea. Once it was normal to wash as much waste as possible down a sewer. In many
countries this is now too costly and so attempts are made to recycle materials, to
minimize waste production, to ‘add value’ to by-products or at least to sell them and to
partly or completely treat liquid wastes.
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3.7.1 The characterization of waste water

Brewery waste water is chiefly contaminated with putrescible organic matter and so it is
comparatively easily purified by biological treatments. However, the flow of waste water
from a brewery varies greatly with the time of day, often with the day of the week and
with the time of year. Worse, the water will vary widely in its temperature, pH, load of
suspended solids and the amounts of organic and inorganic materials in solution. If the
waste is being discharged to a public sewer the operating authority will usually set limits
on the composition, volume, rate of flow, temperature and pH of the effluent, with
swingeing penalties if the limits are exceeded. Evidently the detailed composition of the
water is variable and very complex. However, for treatment purposes water analyses are
simplified, and these analyses are adequate for charging for treatments and for deciding
what the correct treatments should be (Armitt,1981; Benson et al., 1997; Briggs et al.,
1981).

Suspended, or settleable, solids, SS, are usually reported as mg dry matter/litre.
Sometimes SS are defined as particles retained by a 1 um filter. Their presence results in
a reduced water clarity and they may deposit and create blockages or be abrasive and
cause wear to pumps. Some may be partly destroyed or removed during biological
treatments. Suspended solids which are not biodegradable usually finish as sludge in
treatment plants. Total dissolved solids, TDS mg/litre, dissolved organic carbon, DOC
mg/litre, and total organic carbon, TOC mg/litre are measures sometimes used but much
more emphasis is placed on the biological oxygen demand, BOD, and the chemical
oxygen demand, COD.

Because most older waste-water treatments were based on microbiological aerobic
oxidations of dissolved organic matter, the biological, or biochemical, oxygen demand of
the waste was of prime importance. The BODs" is the weight of oxygen (mg) taken up as
the organic substances in the water (1 litre) are oxidized by a mixture of micro-organisms
in five days at 20°C, in the dark. The test must be in darkness to prevent the growth of
algae, which generate oxygen. This important test is slow and not very precise. In
consequence it is increasingly being replaced with determinations of the chemical oxygen
demand, COD. This is normally calculated from the amount of dichromate used up when
the water is boiled with the acid reagent for two hours in the presence of a silver sulphate
catalyst. The results are expressed as mg oxygen/litre water. However, as the dichromate
oxidizes more substances than the microbes the COD values are greater than the BOD
values. The ratios between these values vary widely, but for most mixed brewery wastes
the COD/BOD ratio is 1.6—1.8. For domestic sewage the value is about 2.5. The
permanganate value, PV, an alternative determination of oxidizable organic matter, is
now used less.

In the UK the costs of having effluent treated in a municipal sewage works is usually
calculated with reference to the ‘Mogden Formula’, (named after a London sewage
works) or a modification of it.

C =R+ V+ (0O1/OsxB) + (St/SsxS)

Where C = the total charge/m> (unit volume) for the trade effluent discharge. R = the
cost of conveying and receiving the effluent + overhead costs. V= unit cost of
volumetric and primary treatments (screening and settlement). Or = COD of the trade
effluent after settlement at pH7. Og=COD of the average settled sewage and trade
effluent (i.e. a reference strength). B = the unit cost of the biological treatment of the
mixed and settled trade effluent and sewage. St= total suspended solids (SS) of the
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mixed trade effluent. Sg=The SS of the mixture of the sewage and trade effluent,
(standard strength). S = the unit cost of the treatment and disposal, of the sludge. Thus
increases of COD, SS or volume lead to greater charges.

Extra charges will be made for effluents discharged outside stipulated ‘consent limits’,
such as peak volume flows, pH or temperature values, COD, SS, soluble nitrogen, and so
on. The actual charges made vary from place to place and are continuing to rise,
pressurizing brewers to find ways of reducing these costs. Using particular examples,
with 1987 figures, Table 3.3 illustrates how increasing water usage, and the inevitable
extra effluent production, can be very expensive. Examples of reported ranges of BOD
(mg/litre) are beers, 60,000—120,000; spent grain press liquor, 60,000; waste yeast with
entrained beer, 200,000; trub, 70,000; spent kieselguhr, 80,000; fermenter washings,
20,000—30,000. Suspended solids, SS, represent 12—23% of brewery effluent BOD
(Armitt, 1981; Benson ef al., 1997). Examples of the average characteristics of brewery
waste water are: BODs(mg/litre), 400—1750 (900—2000); mean COD(mg/litre),
1200—3,000; BODs(kg/hl product), 0.45—0.95; SS(mg/litre), 93—772; SS (kg/hl
product), 0.17—0.40; pH4.1—11.5; temperature 13—49°C (55.4—120.2°F), ratio of
effluent volume produced/volume of beer produced, 4—33. Soluble nitrogen (mg/litre),
30—80; phosphorus (mg/litre), 10—30. However, shock discharges, in particular effluent
flows may be pH 2—3 to 10—13 and BOD 170,000—500,000. These should be prevented
from reaching the sewer (see below). A brewery making 10,000—30,000 barrels of beer/
week may release in the effluent 2—5.6t COD/day and 0.46—0.87t SS/day.

Sometimes brewery effluent loads are expressed as population equivalents. Different
equivalents may be used (Armitt, 1981). However, a brewery with an output of 10°hl will
produce about as much effluent as 50,000 people. The quality of treated water that may
be discharged depends on whether this is to the sea, to an estuary, or to a river, and what
the minimum dilution rate will be. Some suggested limits are COD, 127 mg/litre; BOD,
25 mg/litre; SS, 35 mg/litre; nitrogen, 10 mg/litre; phosphorus, 1 mg/litre. Exceeding
these, or other appropriate limits, will risk causing algal blooms, or the overgrowth of

Table 3.3 Examples of calculated water and effluent costs, using mean UK Water Authority
charges for 1987 (data of Askew, 1987). A brewery has an annual production of 1 x 10° barrels
(36 x 10%imp. gal.; 1.637 10®hl). With a water : product ratio of 8: 1, an effluent product ratio of
5.5:1, a mean effluent BOD of 1000 mg/l, a mean COD of 1800 mg/l, and an effluent mean SS of
500 mg/l then the water demand p.a. is 288 x 10®imp. gal., the effluent volume is 198 x 10®imp.
gal, the BOD load p.a. is 900 tonnes (t), the COD load p.a. is 1620 t/p.a. and the SS load is 450 t/p.a.
Assuming different efficiencies of water usage the three examples show the variations in water and
effluent costs

Measure Case 1 Case 2 Case 3
Water: product ratio 8:1 9.23:1 12.9:1
Annual water consumption (m?) 1.309 x 10° 1.51 x 10° 2.11 x 10°
Cost (p/m’) 27.8 27.8 27.8

Cost (£/year) 363,902 419,780 586,580
Effluent: product ratio 5.5 6.43 9.7
Effluent volume (m?) 900,000 1,052,180 1,587,270
Effluent COD (mg/1) 1,800 3,580 4,500
Effluent SS (mg/1) 500 291 400
Effluent cost (p/m?) 43.52 62.85 77.95
Effluent cost (£/year) 391,680 661,295 1,237,277
Total water and effluent costs (£/year) 755,582 1,081,075 1,823,857

Since 1987 costs have risen to a considerable extent. At present (August, 2004) £1 = 1.48 Euros = $ (USA) 1.80
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microbes causing the receiving water to become anaerobic so killing all higher life forms.
Clearly brewery wastes must be treated before discharge to waterways. The treatment
may be carried out, in whole or in part, at the brewery or at a sewage works.

3.7.2 The characteristics of some brewery wastes and by-products

The immense range of ratios of water taken in to beer produced is chiefly due to different
efficiencies of water use, although some breweries, e.g., those that bottle a high
proportion of their beer in returnable bottles, (which must be cleaned), are at a
disadvantage. To control waste it is necessary to meter the volume and composition of the
effluent from every department and the brewery as a whole, to detect and prevent
wasteful practices. To be of use effluent streams must be sampled in statistically valid
ways. Time-proportional or volume-proportional sampling may be used. Apparently
minor leaks, or leaving hoses running, or having CIP programmes operating with
excessive water rinsing or without the re-use of final rinse liquor for the first rinse can
cause substantial losses (Horrigan et al., 1989). The pH of effluent may become extreme,
for example, when alkaline cleaning liquids or PVPP or ion exchange regeneration
liquors are released. Precautions should be taken to trap these liquors and release them
slowly at a metered rate with the general effluent to dilute them to an acceptable level, or
their pH values may have to be adjusted before release. It has been proposed that alkaline
liquors should be neutralized with carbon dioxide from furnace gases or from the
fermenters rather than with mineral acids.

Much effort has been spent in finding better ways of dealing with brewery by-products
and wastes (Brooks et al., 1972; Horrigan et al., 1989; Huige, 1994; Penrose, 1985; Reed
and Henderson,1999/2000; Vriens et al., 1986, 1990). Many breweries collect some of the
carbon dioxide from the fermenters and use it to carbonate beer (Chapter 15). Others allow
much of it to escape and yet others may use it to neutralize alkaline waste liquors. Furnace
gases, which may also be used for neutralizing alkaline effluents, contain carbon dioxide
and acid oxides of sulphur. Efforts are now made to save heat in breweries (re-use of
cooling water, warming water by condensing vapours from the hop-boil, etc.), and so less
heat escapes in effluents. In principle, heat could be withdrawn from effluents using heat
pumps, but probably this is not economic. It has been suggested that warm, clean water
from a brewery might be used in a fish farm. Trub (hot break) and spent hops usually
contain some wort. If washed into the sewer they add substantially to the BOD and SS.
Normally the entrained wort is recovered, for example, by adding the trub and spent hops to
the lauter tun. Alternatively, the spent hops and trub may be added directly to the spent
grains. Some 30% of the trub solids are digestible proteins that add to the feed value of the
spent grains. Spent hops have been used as a mulch or as low-grade fertilizer.

Sometimes trub is mixed with surplus yeast intended for animal feed. Surplus yeast is
collected from fermenters, and is also present in tank bottoms. It can add substantially to
the BOD and SS of effluents and, with a crude protein content of about 47% d.m., a
carbohydrate content of 43% d.m., and a mixture of vitamins surplus yeast is potentially a
valuable by-product. Often it is sold to companies that debitter it and turn it into food
supplements (Putman, 2001). Surplus brewing yeast is used by distillers. On a
comparatively small scale the yeast may be used as a source of biochemicals, particular
proteins, enzymes and glutathione, and yeast extracts are used in culture media for
microbes. Yeast tablets are used as vitamin supplements. Sometimes the yeast cake is
washed and the yeast is returned to the production stream by adding it into the mash.
Alternatively, it may be autolysed and then added to the spent grains to enhance their
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value as animal feed. Malt dust has been added to mashes or has been mixed in with spent
grains.

Used kieselguhr, from beer filters, used to be flushed into the sewers, but its large
contribution to SS and BODs makes this undesirable and probably most is dumped, with
or without first mixing it with quick-lime, at landfill sites. Small amounts have been used
as a soil improver. Sometimes the used filter-aid has been mixed with the spent grains,
but this is not always acceptable. Dumping is becoming costly and other disposal
methods are being tested. Filter aid has been regenerated by chemical cleaning and by
calcining to burn away organic residues. The regenerated material has been used again as
a filter aid, as a fertilizer carrier, and as a filler in paints and varnishes.

‘Waste’ beer or wort may include last runnings from the mash, press-liquor from the
spent grains, rinsings from vessels or pipework, returned beer, spillages from bottling and
canning plants and rinsings from returned containers. All these residues may
(expensively) be consigned to the sewer. Some brewers believe that returning last
runnings and liquor from the spent grains to the mash constitutes a risk to the quality of
the beer. Others have used these materials after clarification by centrifugation, with or
without treatment with active charcoal, and keeping them for not more than two to three
hours at 80°C before adding them to the mashing liquor or to the copper (Coors and
Jangaard, 1975). In these instances no deterioration of beer quality was detected.
Returned beer may be blended or discarded. Returned beer and weak worts have been
used to make alcohol or vinegar, to grow other microbes, such as fodder yeasts (Torula
spp., Candida spp., Aspergillus spp.), for use in foodstuffs. Yet others have dried the
liquids. The product, dried brewers’ solubles, has been added to foodstuffs. Probably
most of these processes are not usually economically viable.

Spent grains are produced at the end of every mash. They are of value as a foodstuff,
particularly for ruminants, but they are bulky, and they soon begin to decompose, so they
must be removed from the brewery promptly. The handling equipment must be kept clean
to prevent the growth of spoilage organisms. Depending on the grists their composition is
variable. In one example the composition reported, on a dry weight basis, was crude
protein, 27%; fat, 6—7%; ash, 4—5%; crude fibre, 15%; N-free extract, 46%. The
moisture content of spent grains varies widely depending on the wort separation system
used (Chapter 6). Thus grains from a Strainmaster may contain 87—90% moisture, and
they are sloppy and are easy to pump, but they are so wet that liquid drains from them and
they must be de-watered before removal. Water drains from grains with moisture contents
above 80%. The drainings are an excellent medium for unwanted microbes. Grains from
lauter tuns can contain 75—85% moisture and those from pressure filters contain as little
as 50—55%. Exceptionally, these grains may be dried further in a current of hot air, to c.
8% moisture, when the dried material is stable. Grains may be sold for animal feed either
wet or after de-watering. Using continuous screw or roller presses the moisture contents
can be reduced to 63—72%, producing a more easily handled solid material and the
squeeze liquor. The liquor may contain up to 3.5% dissolved solids and 5% SS as it has a
high BOD. As it contains valuable extract it should be returned to the process stream,
where possible. In one case this saved about 1% of brewer’s extract and reduced water
use by 5% (Coors and Jangaard, 1975).

The grains used for animal feed must be stored by farmers and the drier they are the
easier they are to handle. Sometimes they are ensiled and additions of propionic acid or
sorbic acid with phosphoric acid have been used to act as preservatives, and seeding with
lactic acid bacteria has been proposed. As noted, autolysed yeast, trub, spent hops and
even used kieselguhr may be added to spent grains. A range of other uses for spent grains
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has been proposed, as a source of biogas and soil conditioner produced by anaerobic
digestion, disposal by burning (giving heat), as a source of ‘secondary worts’ generated
by acid or enzymic hydrolysis, as a source of protein, as a source of food-grade fibre, as a
basis for mushroom compost, as a soil conditioner and organic fertilizer, as a medium for
growing earthworms to use in poultry food, and in fish food. None of these alternative
uses seems to be widely employed.

3.8 The disposal of brewery effluents

A consideration of the sources of brewhouse effluents shows that large volumes, BOD
and SS are generated at different stages of the brewing process (Table 3.4; Askew, 1975,
1987; Askew and Rogers, 1997; Huige, 1994; Love, 1987; Robertson et al., 1979). In
some breweries all the ‘waste’ water is collected into a common sewer. However, it is
senseless for surface run-off (storm water) to be directed to a treatment plant and clean,
but warm water that has been used for cooling should find a use in the brewhouse for
mashing or cleaning, both to minimize water and effluent charges and to conserve heat
and so reduce heating costs. If the effluents are treated, in whole or in part, at the brewery
then it is usually advisable to separate ‘weak’ and ‘strong’ effluents and to treat them
separately. The costs of treating effluents in municipal sewage treatment works are high.
Brewers try to minimize the volumes and strengths (BOD, COD, SS) of the effluents.
Sometimes it is economical to partly, or even extensively, treat brewery effluents on site.
Secondary treatment may allow the water to be discharged into a watercourse. If costs
continue to rise it may become worthwhile to purify some effluents further, using tertiary
treatments, so that the water is pure enough to be used again for some purposes in the
brewhouse and so, by recycling, avoid acquisition and disposal costs. Usually effluent
purification is undertaken with reluctance. Treatment plant takes up space, it is costly,
and it requires well-trained staff to operate it successfully.

Whether effluents are treated at a brewery site or elsewhere the objectives are the
same, to reduce the temperature to a moderate level (often under 40 °C, 104 °F), to restrict
the pH to a specified range (e.g. 6—10) and to reduce the BOD, COD and SS levels to
below specified levels (e.g. 25, 125 and 35 mg/l, respectively) so that the water can be
released into a stream, river or estuary. Some breweries do not carry out any treatment on
site, and there is no uniform system of treatment among the others. Historically, after
preliminary screening, water was purified, using oxidative, aerobic biological systems. In
recent years partial treatments using some anaerobic processes are being used. It is
convenient to divide treatments into preliminary treatments, ‘primary’ treatments,
‘secondary’ treatments (aerobic, anaerobic or a combination of the two), and ‘tertiary’ or
‘polishing treatments’.

3.8.1 Preliminary treatments

Many preliminary treatments are in use (Armitt, 1981; Benson et al., 1997; Huige, 1994;
Klijnhout and Van Eerde, 1986; Vereijken et al., 1999; Vriens et al., 1986, 1990; Walker,
1994). First the effluent should be screened to remove labels, bottle caps, floating plastic
items and spent grains. These screens may be of many types, for instance, hyperbolic bar
screens or screens of woven stainless steel mesh. It is desirable that the water also flows
through a settling tank in which the reduction of the flow-rate permits cullet, grit, sand
and some SS to settle. The deposit formed is removed at intervals by scrapers, to be



Table 3.4 Estimated biological oxygen demand and suspended solids loads in a brewery employing yeast recovery (Robertson et al., 1979)

Process Flow BOD SS

(hl/day) (gal/day) (kg/day) (Ib/day) (kg/day) (Ib/day)
Mash mixer 69.4 1526 3.6 8 7.3 16
Lauter tun* 68.0 1496 189.6 418 122.5 270
Brew kettle (copper) 97.2 2137 27.7 61 3.6 8
Hot wort tank (whirlpool)* 26.6 584 284.0 626 98.0 216
Wort cooler 24.1 531 0.5 1 0 0
Fermenters* 290.0 6386 240.4 530 155.1 342
Ageing tank (maturation) 407.7 8962 93.0 205 137.9 304
Primary filter* 81.9 1801 46.3 102 231.3 510
Secondary storage 385.1 8471 40.4 89 59.0 130
Secondary filter* 92.6 2037 8.2 18 422 93
Bottling tank 39.9 877 0.5 1 0 0
Filler 922.4 20291 23.1 51 9.5 27
Pasteurizer 3582.6 78808 345 76 32 7
Bottle washer* 2933.5 64529 68.0 150 29.0 64
Cooling water 4332.2 95298 0 0 0 0
Miscellaneous flows 92.2 2028 0.5 1 0.5 1

*Major sources of BOD and/or SS. Gal =imperial gallons. (1 imp. gal=1.201 US gal =4.546 litres).
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dumped. Suspended kieselguhr and some yeast may be removed at this stage. The
effluent may also pass through oil traps. The compositions, characteristics and flows of
brewery effluents are highly variable and need to be ‘evened out’ if treatments are to be
successful. Strongly acid or alkaline cleaning or regeneration solutions are sometimes
released immediately into the effluent stream. It is better practice to hold these solutions
in a special receiver to mix acidic and alkaline solutions and, perhaps after adjusting the
pH, release them into the main flow of effluent over a period of time to dilute them to
such an extent that they are harmless. Sometimes such material may be removed by a
specialist contractor. An additional ‘calamity tank’ may be provided to hold sudden
unexpected flows of liquid that can be released later, over a period, and so even out
variations in the composition and flow rate of the effluent. All breweries, whether or not
they treat their own effluents, should have a balancing or conditioning tank. This should
be stirred and possibly be aerated to prevent the formation of odours. The size should be
decided with reference to the brewery operations and should have a residence time (12
hours and 36 hours have been suggested, as well as much longer periods) selected to truly
‘average out’ effluent flow rate and composition, so that it will not be harmful to the
microbes that carry out the next stage of treatment. The pH of the effluent may be
adjusted automatically as it leaves this tank and if it is going to a biological treatment
plant on site some microbial nutrients may be added at this stage.

Sometimes a different type of preliminary treatment may be carried out. For example,
the effluent may be treated with a slurry of lime or another inorganic coagulant, and
perhaps a synthetic polyelectrolyte. Then the mixture is given a flotation treatment. Air is
dissolved in the effluent under pressure and this is directed into the base of the flotation
vessel. The air separates as a cloud of fine bubbles and carries the coagulated materials up
to the top of the vessel from which they are skimmed. In one case the removal of the SS
was 96% and of the COD, 6% while in another instance the values were 60% and 45%
respectively (Hughes, 1987; Lunney, 1981).

3.8.2 Aerobic treatments of brewery effluents

Many aerobic systems have been tried for treating brewery effluents and these are well
understood (Armitt, 1981; Benson et al, 1997; Klijnhout and Van Eerde, 1986;
Kiihtreiber and Laa-Thaya, 1995; Reed and Henderson, 1999/2000). The effluent,
preferably of uniform composition and having the correct pH and levels of supplementary
nutrients (nitrogen and phosphate), is aerated in the presence of ‘sludge’, a mixed
population of micro-organisms. These multiply and grow. About 30% of the BOD-
generating substances is oxidized to carbon dioxide and water, while the remainder is
assimilated into microbial mass, the sludge. Surplus sludge is collected and must be
disposed of. Sludge treatment and disposal is often the most difficult part of aerobic
treatments. Broadly aerobic systems are operated in two different ways, although
intermediate methods may be used. In the ‘low load” methods, effluent ‘lightly’ loaded
with BOD is supplied to a well-aerated mass of microbes and the contact time is
extended. Under these conditions a type of sludge develops that is easy to handle and
settles readily. BOD removal may exceed 98%. In ‘high load’ systems the ratio of BOD
supplied/unit of biomass is high. BOD removal is less, for example 80%. A large mass of
‘putrescible sludge’ is formed. With effluents having high BOD values ‘sludge bulking’
occurs, involving the excessive growth of filamentous microbes that do not readily settle.
This sludge is difficult to handle and de-water. This system is less resistant to ‘shock
loads’ than the low load system.
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From these considerations it can be concluded that for optimal treatments brewery
effluents should pass through a buffering tank (or two tanks if the high BOD and low
BOD effluents are to be treated separately), and effluents with high BODs should receive
a preliminary treatment (aerobic or anaerobic; see below) before they are treated further
in a ‘low-load’ system. Aerobic treatment systems are considered in two groups, the
activated sludge systems in which the biomass is in suspension and systems in which at
least most of the biomass is attached to a solid support.

Perhaps the ‘single tank systems’ are the most simple of those using activated sludge.
In these effluent is progressively loaded into an aerated tank which already contains
biomass which is mixed by the aeration process, usually achieved by blowing compressed
air into the base of the tank through dispersers which release it as fine bubbles. When the
tank is full the effluent is diverted to the next tank in line. Aeration is continued in the
first tank until the BOD has been sufficiently reduced. Then aeration ceases and the
active sludge is allowed to settle and the clear, treated effluent is drawn off from above
the sludge. Any surplus sludge is removed, usually to a settling tank, and aeration is
resumed and the tank is ready to begin receiving the next charge of effluent.

Where large areas of ground are available effluents may be treated in large lagoons.
Usually two lagoons operate in series and, because they are large, they constitute a low-
load system. The lagoons are aerated, preferably with bubbles rising from the bottom,
(surface aerators are inefficient and can create microbe-laden aerosols) and each may be
followed by a sludge-settling tank. Effluent then flows into a lagoon, is diluted and aerated.
After an average holding period, it flows into a settling tank. The clarified effluent flows to
the next lagoon or out of the system while a proportion of the sludge is transferred back to
the inlet at the entrance of the lagoon and is mixed with the incoming effluent, creating an
initial high sludge concentration. With this and other aerobic systems, provided that
aeration is adequate, the higher the sludge concentration the faster the effluent can be
treated. In one case it was reported that BOD removal was about 95% in the first lagoon
and increased to 99% in the second. The comparable COD values were 94 and 98%.

Numerous more compact activated sludge systems, in which effluent flows through a
series of aerated tanks and settling tanks, have been described. Several designs have been
used in breweries. The Pasveer ditch consists of a shallow continuous ditch, roughly
elliptical in plan, and with a trapezoidal cross-section, into which effluent flows and from
which it flows to a settling tank. Some of the settled sludge is returned to the effluent
inlet. The liquid is kept aerated and flowing around the ditch by brush beaters. The
average retention time of effluent is often 2—3 days. When overloaded with effluent there
are problems with sludge bulking, the plants occupy a large area and are in the open.
Often breweries must use the least ground possible and the plant must not be obtrusive,
particularly if situated in a town. Tall, thin, fully enclosed aerobic reactors may be
chosen. An example is the deep-shaft reactor. These are typically 0.5—2.0m
(1.64—6.56 ft.) in diameter and extend 100—200m (329—658 ft.) into the ground. In
the centre of the shaft there is a downflow pipe and the annular space between the pipes
acts as the riser. Initially the internal circulation is started by filling the shaft with effluent
primed with activated sludge and then injecting air into the outer shaft. When the flow is
established air is injected into the inner, down-shaft and as the bubbles are carried
downwards it is efficiently dissolved as the pressure rises. As the pressure declines during
the rise in the outer, annular shaft air and carbon dioxide break out of solution and the
bubbles act as a gas-lift and maintain the circulation.

High removals of BOD from brewery effluents have been obtained (Lom and
Fedderson, 1981; Vriens et al., 1990). A comparable, above-ground tower system is
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described later (Fig. 3.2). One type of a two-stage aerobic system is the Artois Unitank
(Eyben et al., 1985; Vriens et al., 1986, 1990). In this system the effluent flows through a
rectangular equalization tank, then through two rectangular aerobic/sludge settlement
tanks working in series and so comprising a high-loaded tank and a low-loaded tank.
Each aerobic/settlement tank is incompletely partitioned into three sections, so that liquid
can move from one section into the next, but free mixing between the sections is
prevented. The effluent flows from the equalization tank into the first compartment of the
high-loaded treatment tank. It moves from compartment to compartment, meeting
aeration and activated sludge in the first two. In the third compartment there is no
aeration, the sludge settles and the treated effluent leaves, over a sludge-retaining weir,
and flows to the low-loaded tank. At intervals of about two hours the flow in a tank is
reversed and aeration now occurs in what was previously the settlement compartment
(which is rich in settled sludge) and in the central compartment, but what was previously
the inlet compartment is no longer aerated and becomes the settlement compartment. The
third, low-loaded tank is operated in a similar way. BOD removal in the first tank is
reported to be 80—88%, and to exceed 98% after the second tank treatment. At intervals
surplus sludge is removed to a thickening tank. Promising trials with a novel, pilot-scale
membrane reactor have been reported (Ward, 2000). The effluent from the enclosed,
aerated and stirred chamber passed out by way of a membrane filter that retained all the
suspended solids and microbes. Ferric sulphate, which acted as a coagulant, and nutrients
were added to the aerated chamber and the pH was adjusted. Because the concentration of
suspended microbes was exceptionally high and because no washout of activated sludge
could occur, BOD removal exceeded 99%.

In some other aerobic treatment plants the biomass is attached to a supporting solid,
and is in contact with the aerated effluent. The oldest of this type of system is the
trickling bed filter, in which effluent is sprayed over the surface of a bed of rough solids
(such as gravel, broken rocks, or coke) and trickles downward over the solid’s surfaces,
meeting an up-flow of air. The beds may be circular or rectangular in plan and 2—3 m
(6.56—9.84 ft.) deep. The bed packing becomes coated with a very complex mixture of
microbes and other organisms, which oxidize dissolved organic materials and reduce the
BOD. As one pass is insufficient the liquid is recirculated. At intervals surplus sludge
sloughs away and is collected in a settling tank. To cope with BOD-rich effluents several
filters may operate in sequence. Such filters are expensive to build, they occupy a large
area and they have a limited capacity, being liable to ‘ponding’ if overloaded. Sometimes
problems arise from flies which multiply on the biomass. These filters have increasingly
been replaced by high-rate biofiltration towers. These towers, which may be 4.3—6.1 m
(14-20ft.) high, are packed with plastic units with shapes designed to support the
biomass and to have a large surface to volume ratio but to be resistant to blockage.
Effluent is sprayed into the top of the tower and as it trickles downward it meets an up-
flow of air and is oxidized by the film of microbes on the plastic. Towers have capacities
about ten times those of trickling filters covering the same areas. If desired the liquid can
be re-circulated and a BOD removal of 60—65% is obtained, so they achieve a partial
treatment. Towers are followed by settling tanks, which retain sludge. If followed by
further treatment in a low-loaded activated sludge plant 97% BOD removal and 94% SS
removal has been achieved. If towers are overloaded they, like trickling filters, can give
rise to unpleasant odours.

Rotating disc contactors are another type of plant in which most of the biomass is
supported on sets of lightweight plastic discs mounted side by side along a rotating axle.
The surfaces of the slowly rotating discs are alternately immersed in a trough of effluent
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and then, together with the film of liquid coating the surface, are exposed to air. Strips
projecting from the faces of the discs form chambers, which cause air to be carried down
below the surface of the liquid (Kiihtreiber and Laa-Thaya, 1995). Discs are about 45%
submerged. Much of the biomass is supported on the discs but some may float free in the
liquid in the trough. Other forms of rotating contactors have also been used. The energy
requirements of these devices are much lower than those using compressed air for
aeration. BOD removal of 80—90% is possible.

Other types of aerobic treatment plants have been tried. For example, fluidised beds
have been tested and some are in use (Section 3.2.4, Fig. 3.1). In these the biomass is
supported in a granular, porous and relatively dense material. The mass, lifted into the
flowing effluent by the aeration bubbles, achieves a high biomass density because the
material supporting the biomass is too dense to be swept out of the aeration chamber,
removing the need for a settlement tank. In another approach, in a pilot plant, the biomass
was supported in small pieces of plastic sponge (Leeder, 1986). When these were
overloaded with biomass the surplus was removed by collecting the pieces of sponge and
squeezing them between rollers.

3.8.3 Sludge treatments and disposal

Aerobic effluent treatments inevitably produce considerable amounts of surplus biomass,
‘sludge’, which retains about 70% of the mass of the substances that contribute to the
BOD. The treatment and disposal of this sludge is inconvenient and contributes
substantially, about 50%, to the cost of the treatment (Armitt, 1981; Huige, 1994; Vriens
et al., 1986, 1990). Sludges differ in their characteristics, such as the ease with which
they will settle and how compact they are. Normally sludges are collected by
sedimentation when, with the addition of coagulants, they may have a solids content
of 1-2% dry matter. After a further period of settling the solids content will increase to,
say, 2—4%. After each concentration treatment the liquid that has separated is returned to
the effluent treatment plant. The sludge may be consolidated further by centrifugation,
vacuum filtration or in a pressure filter. Each consolidation reduces the volume of sludge
to be handled and so reduces the transport costs as the material is carted away for disposal
(Table 3.5). An alternative is to treat the sludge with coagulants followed by flotation and
collection by skimming. In some circumstances the sludge may be ‘stabilized’, for
example by aeration or by anaerobic digestion. Both of these treatments reduce the bulk.
Anaerobic digestion is accompanied by the generation of methane-rich biogas, which can
be used as a fuel. It is doubtful if this technique is used by brewers. It is used at some
large sewage works. In some places dried sludge is incinerated, but again this does not
seem to be suitable for brewers unless they are in a hot and dry region where the material
can be dried spread on earth beds to dry in the open. Brewers usually have the sludge

Table 3.5 The influence of dewatering on the volume of sludge (Lloyd, 1981)

Stage of dewatering Moisture content (%) Equivalent volume
From settling tanks 98.5 100
After further settling 97.0 50
After decantation 95.5 33
After centrifugation 80.0 7
From vacuum filter 70.0 5

From filter press 65.0 4
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removed by contractors who will bury it in landfill sites or may arrange to have it spread
on farmland. The latter method of disposal is only available at certain times of the year.
Because of its composition the sludge is potentially valuable. Markets for it have been
sought, and it has been used (with or without admixture with lime) as a soil conditioner
and has been used as a supplement in animal feeds.

3.8.4 Anaerobic and mixed treatments of brewery effluents

It was once considered impracticable to treat brewery effluents by anaerobic digestion,
but methods for doing this have been developed (Anderson and Saw, 1986; Benson et al.,
1997; Driessen et al., 1997; Eder, 1982; Fuchs, 1995; Gerards and Vriens, 1996;
Hellriegel, 1996; Huige, 1994; Klijnhout and Van Eerde, 1986; Langereis and Smith,
1998; Love, 1987; Martin and Sanchez, 1987; Mayer and Eeckhaut, 1997; Pipyn et al.,
1983; Schumann, 1999; Schur et al., 1995; Swinkels et al., 1985; Vriens et al.,1986,
1990). The effluent supplied to an anaerobic digestion plant must be carefully regulated
in terms of its pH, flow, temperature, and BOD. These plants operate best on a steady
flow of BOD-rich effluents and they are easily put out of commission by ‘shocks’ or
traces of toxic substances, so preliminary mixing and buffering treatments must have
been applied to the effluent input. Start-up times are slow (4—10 weeks) because the
anaerobic micro-organisms multiply slowly. Despite these stringent requirements
anaerobic plants are being used both because they produce very little sludge, and
because they are comparatively compact (about 70% less space than aerobic plant) and
cheap to construct and run (no aeration plant is needed) and because biogas is generated
(0.3—0.5m’/kg COD removed) and this may be used as fuel in the boiler house.
Anaerobic systems never completely remove BOD (50—95%, usually 70—85%), and
COD removal is generally 60—75%. Essentially no nitrogen or phosphate is removed by
anaerobic treatments. They are best regarded as preliminary treatments for strong
effluents that must be followed by an aerobic treatment for weak effluents, separated
from the strong effluents at the brewery, and the effluent from the anaerobic treatment.
This may occur either at the brewery or at the sewage works.

Anaerobic treatments occur in three stages, but often the first two take place in a
single vessel. In the first stage, which may be aerobic, microbes generate and release
hydrolytic enzymes that degrade the complex molecules present in the effluent to
smaller molecules, e.g., polysaccharides to simple sugars, proteins to amino acids and
free fatty acids are liberated from lipids. These simple molecules are easily assimilated
by microbes. In the second, or ‘acidification’ stage, which is strictly anaerobic, many of
these molecules are converted to organic acids. At this stage some biogas, containing
hydrogen and carbon dioxide, is produced. The products of the acidification stage are
good substrates for the microbes needed in the next stage, but the best cultural conditions
are different. After the acidification process the pH (6.6—7.6), temperature, and nitrogen
and phosphate levels are adjusted as the liquid flows to the ‘methanization’ vessel.
Methanization is a strictly anaerobic process. It may be carried out at ambient
temperatures (18—20°C; 64.4—68 °F) or with thermophilic organisms at about 50°C
(122°F) but in practice mesophilic conditions are usually chosen (about 35°C, 95 °F).
The effluent to be treated may be warmed by steam, partly produced by burning the
biogas, and partly by heat recovered from the brewery. The biogas produced contains
55—75% methane, 1—-5% hydrogen, 25—40% carbon dioxide and 1—7% nitrogen, as
well as traces of ammonia and hydrogen sulphide. This gas needs to be scrubbed with
sodium hydroxide to remove the carbon dioxide and this may need to be supplemented
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with hydrogen peroxide to oxidize the hydrogen sulphide. Alternatively, the sulphide
may be removed as iron sulphide or be adsorbed by silica gel. Escaping gases may be
deodorized by passage through a biofilter.

Various kinds of equipment are in use for the anaerobic digestion of brewery effluents.
Stirred vessels have been used, with or without the microbes being supported on solid
carrier materials. The preferred systems now use the UASB or upward-flow anaerobic
sludge blanket system in which acidified effluent is continuously mixed into the base of a
reaction vessel. As the liquid rises it passes through a layer of agglomerated microbes
which have formed spheres 2—5 mm in diameter. The process automatically selects for
microbes which will clump together. The organic materials in solution are attacked by the
microbes, which release biogas. Very little extra sludge is formed. The biogas rises,
carrying some of the granular microbial blanket. Towards the top of the vessel the rising
mixture meets a three-phase separator. The gas is collected and taken from the vessel and
the granular microbial material, which had been carried up by the gas bubbles, settles
back into the body of the reactor. The liquid flows up and over one or more weirs and
leaves the vessel. After passing through a de-foamer and being scrubbed the biogas, now
chiefly methane, may be stored in a gas-holder, be flared off or be directed to a boiler. In
one case biogas provided 8% of the boiler’s fuel requirements. The reactor requires a
constant flow of liquor so if there is a check in the inflow of effluent the liquor is re-
circulated. It is advantageous to have two reactors working in series.

An example of an anaerobic and aerobic plant for partial effluent treatment is shown in
Fig. 3.2. This plant, which was designed to occupy a small ground area, has a number of
novel features (Driessen ef al., 1997; Meijer, 1998). The IC" reactor is a two-stage
methanization tower, which can be regarded as having two UASB reactors mounted one
above the other. In the aerobic, Circox™ tower the microbes are supported on grains of

Fig. 3.2 (opposite) Diagram of an anaerobic/aerobic effluent treatment plant (after Driessen et al.,
1997). The fully enclosed plant is situated on a confined site (200 m?) in a built-ug area. Screened
waste water (design flow of up to 4,200 m*/day) is directed to a buffer tank (500 m®; 25 m high) or,
in the case of alkaline or other ‘extreme’ wastes, to a calamity tank (150 m®), from where it may be
metered into the buffer tank or to the sewer. Mixed effluent is transferred to the pre-acidification
(PA) tank (500 m; 25 m high) where acidification and the hydrolysis of polymeric materials occur
and where the pH and nutrient levels are adjusted. Phosphoric acid and urea may be added if
required. The acidified effluent goes to the base of the IC® reactor tower (390 m*; 20 m high). This
is, in effect, two strictly anaerobic UASB reactors mounted one above the other. The influent enters
the base (6) of the high-loaded reactor (1) and is mixed in with the surrounding fluid and granular
microbial sludge. It rises through the sludge blanket in the reactor and meets the first three-phase
separator (3). The gas rises to a de-foaming unit generating a gas-lift, and the liquid and entrained
sludge return to (6) via a ‘downer’ pipe, (5). The sludge, from the first three-phase separator, settles
back into the body of the reactor while the liquid rises into the second, low-loaded reactor (2),
moves through the second sludge blanket and meets the second three-phase separator (4). The
biogas is scrubbed, collected and utilized, the sludge is retained in the reactor and the effluent
moves on to the Circox® reactor (230 m>; 19 m high). This second reactor is an aerobic tower, with
an internal circulation through the inner, ‘riser’ pipe (7) and the outer, annular ‘downer’ channel.
The circulation is maintained by the air-lift generated by the aeration air injected into the base. The
ventilation air is drawn from all parts of the plant and sulphides in the air are oxidized to sulphate.
The biomass is supported on granular basalt, so it readily sediments when it reaches the settling
space (10). The gases rise through a pipe (9), and are vented. The effluent rises over weirs, which
retain the biomass, and is directed by way of a cyclone tank that retains some suspended solids, but
not fine suspended matter, like kieselguhr, which passes with the liquid into the sewer. The system
is compact and has a rapid throughput with a low production of surplus sludge. The average
reductions of the total COD and the soluble COD are 80% and 94% respectively.
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basalt, which readily settle and so preventing the biomass being washed out of the
column. The plant removes 80% of the total COD and 94% of the soluble COD. In this
particular plant the kieselguhr is not removed and is discharged in the final effluent,
which is delivered to the sewer. Other combined anaerobic and aerobic plants have been
described (e.g. Eyben et al., 1985, 1995; Gerards and Vriens, 1996; Kiihbeck, 1995;
Mayer and Eeckhaut, 1997; Vriens et al., 1990). Under aerobic conditions microbes take
up phosphate, and many store it as polyphosphate, and so this is removed from the
effluent. The situation with nitrogen removal is more complex (Vriens et al., 1990).
Aerobic conditions are needed to oxidize ammonium ions to nitrate, then anaerobic
conditions are required for the nitrate to be reduced to nitrogen gas which is removed
from the system (Eyben et al., 1995).

3.9 Other water treatments

Reedbeds have been used to treat some crude or partially purified malting effluents or
even some sludge (Maule et al., 1996; Walton, 1995). They are essentially shallow tanks
filled with a permeable support such as limestone chips on which reeds, e.g., Phragmites
spp. and perhaps yellow flag iris are planted. The effluent percolates through the beds,
among the roots of the plants. Suspended solids have been reduced from 80 to less than
20 mg/1, and COD from 60 to less than 10 mg/l. The removal of nitrogen and phosphate
appears to be satisfactory. A problem with reed beds is that they occupy large areas of
ground.

Treated effluents have been polished in various ways, including passage through reed
beds, passage through large, shallow lagoons (with or without forced aeration), and
recycling through percolating filters. As the cost of acquiring water continues to rise and
the pressure to treat effluents to higher standards continues to increase it is inevitable that
brewers working in large breweries will frequently consider purifying their effluents
sufficiently to allow the water to be recovered and used, at least for some purposes, so
minimizing water acquisition and effluent disposal charges. The re-use of effluent is
likely to involve a two-stage aerobic or an anaerobic/aerobic treatment, followed by a
polishing treatment, sterilization, sand filtration possibly followed by finer filtration,
carbon filtration and perhaps ultrafiltration or demineralization by ion exchange.
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4

The science of mashing

4.1 Introduction

Mashing consists of mixing ground malt (usually a mixture of malts) and other prepared
grist materials (appropriate adjuncts and sometimes salts and sometimes supplementary
enzymes, Chapter 2) with a carefully controlled amount of liquor at a chosen temperature.
In some few instances the mash may be made with mainly, or entirely, unmalted
preparations of cereals mixed with industrial enzymes. The liquor is nearly always pre-
purified and contains a chosen mixture of dissolved salts (Chapter 3). In the simplest
systems, after a ‘stand’ or stands of various durations, at one or more selected
temperatures, the liquid, or ‘sweet wort’ is separated from the residual solids of the mash,
the spent grains or draff. In other cases portions of the mash are withdrawn and heated
before being added back to the ‘main mash’ while in other cases cereal preparations,
cooked in a separate vessel, are transferred and mixed into the main malt mash.
Representative mashing schedules are considered below. The sweet wort goes forward to
the kettle or copper, to be boiled with hops, while the spent grains are disposed of
(Chapter 3). The, apparently simple, processes of mashing conceal a very complex
mixture of physical, chemical and biochemical changes. An understanding of these
changes has been essential to permit the logical development of mashing conditions for
the preparation of desirable and uniform worts in rapid and reproducible ways. Thus the
purpose of mashing is economically to prepare wort of the correct composition, flavour
and colour in the highest practical yield and in the shortest time.

The wort is partly characterized by its ‘strength’, the amount of solids, or ‘extract’ that
are in solution and the volume of liquid in which the solids are dispersed. Unfortunately,
the concentration of wort is expressed in a variety of different units (Appendix). In the
simplest case the specific gravity is used as a measure. The higher the specific gravity the
more concentrated the solution of wort solids. For example, a wort might have a specific
gravity (s.g.) of 1.040 at 20 °C (68 °F), relative to pure water at 1.000, or the same wort
has an SG of 1040 relative to water as 1000.0. In other systems the amounts of solids in
solution are estimated from the s.g. and reference to tables relating to the s.g. values of
sucrose solutions, either from the table of Balling (ASBC) or the table of Plato (EBC; see
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Appendix). So a wort with an SG of 1040 has a concentration of solids of about 9.99%
(w/w) assuming that the wort solids influence the SG in an identical way to sucrose. In
the old British system (pre-1977) the extract in a barrel of wort at 15.5 °C (60 °F) was the
excess weight of a barrel of wort in pounds (Ib.) over the weight of a barrel of water,
360 Ib. So the SG = (excess Brewer’s 1b. + 360)/360. So in the case given, SG = 1040 (at
15.5°C), the excess SG = 40 so the extract, in Brewer’s Ib. = 40 x 0.36 = 14.4. The
efficiency of mashing is often estimated by comparing the extract recovered in the
brewery with that obtained in laboratory mashes when the hot water extract (HWE) of the
grist is determined. Reliable estimates of extract recoveries are not freely available, but
while in old mash tuns the value might be about 85—95%, in newer mash filters the value
may equal or just exceed 100%, a commercially valuable advantage provided that wort
quality is maintained.

The importance of enzymes in mashing is illustrated by the fact that a cold water
extract of a pale malt (CWE; preformed soluble materials), prepared in a cool, dilute
solution of ammonia to stop enzyme activity, will be in the range 15—22%, dry basis,
while the hot water extract (HWE) will be 75—83%, dry basis. Thus, by holding a small-
scale mash for between one and two hours under conditions such that enzyme activity is
favoured, some 53—68% more of the malt solids are brought into solution as the result of
enzyme-catalysed reactions. While about half of the CWE solids are fermentable by
yeasts typically 75% and up to about 85% of the HWE is fermentable. The enzyme
catalysed changes that occur during mashing are more complex than those normally
investigated by biochemists, who usually study each enzyme acting in isolation, with a
homogeneous substrate, at one temperature, with an unchanging pH and with a large
excess of substrate to maintain enzyme activity.

In contrast, in mashing, a very large number of enzymes act simultaneously on the
components of the grist (malt and mash tun adjuncts) under conditions that are far from
optimal for many of them in terms of substrate concentration and accessibility, pH and
enzyme stability. Enzymes are inactivated at different rates depending on the
temperature, the pH, the presence of substrate and other substances (such as tannins
and cofactors such as calcium ions) in solution. Starch, proteins, nucleic acids, lipids and
other substances are attacked, usually by hydrolytic reactions, but other reactions, such as
oxidations, also occur. Not only are enzymes progressively inactivated but substrate
concentrations alter and, in the case of starch for instance, are nearly totally degraded.
Solid starch granules are not readily degraded until gelatinization temperatures are
approached and starch grains are disrupted. The polysaccharide cell walls and the starch
granules are coated with proteins that seem to impede their enzymic degradation. Where
grist particles are relatively large and the cell walls are intact, as in unmodified fragments
of malt and some adjuncts, the cell walls prevent enzymes reaching and degrading the
cell’s contents. In many instances the products of hydrolysis competitively inhibit
enzyme activity and in a number of instances (e.g. a-amylase, limit dextrinase and some
proteolytic enzymes) proteins occur which partially or largely inhibit enzyme activities.
In addition some enzymes occur bound to insoluble materials in the mash, preventing
them diffusing and so limiting their ability to reach their substrates. This is true of (-
amylase, proteases and a-glucosidase in malts. The significance of insoluble enzymes
and the presence of endogenous enzyme inhibitors in mashes has been widely ignored

A knowledge of the properties of enzymes is essential for an understanding of mashing
regimes, yet the traditional methods for studying their properties are of limited use.
Brewers make use of the concept of ‘optima’ in considering enzyme activities in mashes.
This is helpful, but it must be realized that a temperature or a pH optimum is not a true
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constant. Under any particular set of conditions an enzyme may be stable and so, when it
is incubated with a substrate, product(s) will be formed at a constant rate until substrate
concentration is reduced to a significant extent. If the temperature is increased then the
reaction catalysed will proceed faster. However, if at this higher temperature the enzyme
is progressively inactivated then the rate of formation of the product(s) will decline and
will ultimately stop even if some substrate remains. At progressively higher temperatures
the reaction rates catalysed by the ‘native’, undenatured enzyme will increase, but the
rate of enzyme inactivation also increases and so the production of product will cease
sooner. Thus the amount of product formed, at a particular temperature in a given time,
will depend on the rates of catalysis and on the rate of enzyme inactivation. The longer
the reaction period the lower the optimum temperature, that is, the temperature at which
the most product will have been produced (Fig. 4.1). In mashing, the rate of appearance
of a substance depends on the mixture in the grist, the mash thickness, the fineness of the
grind and so the particle size distribution in the grist. Similarly the optimum pH of a
reaction varies with the test conditions. The situation with pH is complicated by the
frequent failure to take account of the pH changes that occur as the temperature is altered,
and the difficulty of measuring pH at the elevated temperatures used in mashing (see
below).

Sweet wort is viscous, sweet, dense, sticky and more or less coloured. Its composition
is highly complex (probably thousands of components are present). No wort has ever
been completely analysed. Substances present include simple sugars, dextrins, G-glucans,
pentosans, phosphates, dissolved inorganic ions, proteins, peptides and amino acids,
nucleic acid breakdown products, lipids, yeast growth factors (vitamins), organic acids,
bases and phenolic substances. Sometimes it is desirable to analyse a chemical fraction in
detail, but this is not always the case. A ‘typical’ sweet wort may contain solids
consisting of about 90—92% carbohydrates, 4—5% nitrogen-containing substances and
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Fig. 4.1 Graphs illustrating the appearance of products in idealized enzyme-catalysed reactions
carried out with the initial conditions the same but at different incubation temperatures (°C) (after
Dixon and Webb, 1958). As the temperature is increased so the initial reaction rate, at time zero,
increases. In the sample, at 40 °C the enzyme is stable and so the reaction carries on at a steady rate
(substrate is present in excess), and product is formed linearly with time. However, at higher
temperatures the enzyme is less stable and so, although the initial reaction rates are more rapid,
enzyme is progressively inactivated and the rates of product formation decline. If the maximum
amounts of product formed at different times are noted it can be seen that at the shortest time, t; the
‘optimum’ is at 70°C, at t, it is at 60 °C while at the longest time, ts, it is at 50 °C.
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1.5—2% ash (MacWilliam, 1968). As yeast ferments wort the simpler sugars are partly
converted into ethyl alcohol and carbon dioxide, and the specific gravity of the mixture
progressively declines until fermentation is complete. This final value is the attenuation
limit of the wort and mainly depends on the carbohydrate spectrum of the wort (Chapters
12 and 14). During the hop-boil the fermentability of the wort and its strength may be
adjusted by the addition of carbohydrate adjuncts (Chapter 2). Enzymes remain in sweet
wort, slowly increasing its fermentability, which is not fixed until the wort is boiled.
Fermentability values are calculated from the changes in specific gravity.

Wort colour must be within specification, and so must the nitrogen (crude protein = N
X 6.25) fractions of the wort. Total soluble nitrogen (TSN) is self-explanatory. Free
amino nitrogen (FAN) is a measure of the low molecular weight substances, mainly
amino acids, which are needed to support yeast growth and metabolism. Older measures
included coagulable-N (nitrogen containing material that was precipitated when the wort
was boiled) and permanently soluble nitrogen, (PSN) which remained in solution.
Formol-N was an older method of estimating the amino acid and peptide fraction.

4.2 Mashing schedules

Mashing schedules vary widely. One is chosen with reference to the beer type to be made,
the way it has been made in the past, the plant and raw materials that are available and the
energy consumption and speed of the process. There is a trend towards temperature-
programmed infusion mashing but some brewers have not been able to ‘match’ their
traditional products when changing from older types of mashing programmes, and so
these have been retained. At present a range of brewing procedures are in use and they are
carried out in many different types of equipment (Chapters 5 and 6). In many small
breweries it is normal to mash not more than once a day, but in some large production
units the target is to mash 12—14 times every 24 hours. This has necessitated many
changes in equipment and mashing practices. It is convenient to distinguish between
traditional infusion mashing, decoction mashing, double mashing, temperature-
programmed infusion mashing and ‘all-> or ‘mainly-adjunct’ mashing, although the
distinctions between these classes are not absolute. Some ‘mixed’ mashing systems are
used in Belgium (Briggs, et al., 1981; De Clerck, 1957; Kunze, 1996; Narziss, 1992a;
Hind, 1950; Wright, 1892). The mechanisms of grist preparation and mashing are
discussed in Chapters 5 and 6.

Before 1945 the infusion mashing carried out in the UK typically involved making a
thick mash with well modified and comparatively coarsely ground malt or malts, mixed
with 5—15% of flaked maize or flaked rice adjunct. The grist was mixed with hot liquor
(water) at a temperature (‘liquor heat’ or ‘striking heat’) chosen to give a particular
‘initial heat” or mash temperature. After a stand of about 30 minutes, when the mash gave
a negative iodine test for starch, an underlet (hot water added into the bottom of the mash)
might be given to raise the temperature then, after a total period of 2—3 h, wort collection,
recirculation and sparging would begin. Typically on mashing in the liquor/grist ratio
would be 2.15—2.42 h1/100kg grist (2—2.25 imp. brl/Qr.) and the temperature would be
63.4—67.2°C(146—153 °F). After underletting, with additions of hot water of 0—1.34 hl/
100kg (0—1.25 imp. brl/Qr.) the temperature of the mash would be 66.6—68.8°C
(152—156 °F). Finally, the wort would be collected and the goods (residual solids) were
sparged with 3.76—4.30hl/100kg (3.5—4 imp. brl/Qr.) of liquor at 75-77°C
(167—170.7 °F). Thus the whole process from mashing in to finishing collecting the
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wort would take at least six hours. In one brewery the whole process took 18 hours. This
process cannot be greatly accelerated.

The choice of good quality malt minimizes the chance of a set mash and allows the
stand to be shortened to 1—1.5h, and a shortening of the wort separation time and the
addition of some hydrolytic enzymes can accelerate wort separation. Mashing directly in
a lauter tun, rather than a mash tun, allows the use of a more finely ground grist and faster
wort separation. By shortening the stand period and by accelerating sparging, time can be
saved but at the risk of reducing extract recovery and altering the quality of the wort. The
total volumes of liquor used were 6.98—7.52hl/100kg grist (6.5—7.0imp. brl/Qr.).
Modern infusion mashes are made with 1.6—3.2 hl liquor/100 kg grist (1.5—3.0 imp. brl/
Qr.). Torrefied cereals or wheat flour are commonly used adjuncts. The initial
temperature is usually in the range 63—67°C (145.5—152.7°F) and is best held for
1—3 h. The temperature of the mash rises during sparging. This type of mashing does not
allow air to be excluded from a mash, and indeed the entrained air bubbles cause much of
the mash to float. This is no disadvantage, and may even be desirable, for making
traditional, cask-conditioned British beers. However, with other beers, intended to have
very long shelf-lives, efforts are increasingly being made to exclude air from the mash
and the hot wort. To achieve this equipment other than a mash tun must be used. In
special cases, when alcohol production is to be minimized, the mashing-in temperature is
increased to, e.g., 75 °C (167 °F) to allow a-amylase to liquefy and dextrinize the starch
while minimizing saccharification by (J-amylase and so producing a less fermentable
mixture of carbohydrates.

In traditional continental European decoction mashing a thin mash (3.5—5 hl liquor/
100kg. grist; 3.26—4.66imp. brl/Qr.) is made from undermodified malt that is
comparatively finely ground. The thin mash is necessary to permit it to be stirred and
pumped between mashing vessels. In this, and the other mashing systems to be
considered, the mash conversion processes are carried out in vessels that are separate
from the devices (lauter tuns or mash filters) in which the wort is separated from the
residual spent grains. Because the mash is stirred and portions of it are pumped between
vessels air is not entrained and the solids do not float. When portions of the mash are
boiled the starch is gelatinized and becomes susceptible to enzymic attack, residual
cellular structures are disrupted, proteins are denatured and precipitated, enzymes are
inactivated, chemical processes are accelerated, flavour substances (not necessarily
desirable) appear in the wort and the wort darkens. Unwanted substances such as
pentosans and [3-glucans are extracted. Boiling portions of the mash is expensive because
it involves the consumption of energy. The successive temperatures, which occur in the
‘main, mixed mash’, allow key enzymes to act at or near their optimal temperatures. In
decoction mashing the grist is mashed into the mash-mixing vessel, which has a stirrer
and may have heat-exchanging surfaces to allow the temperature of the contents to be
increased. At intervals aliquots of the mash are withdrawn to the decoction vessel where
they are heated, rapidly or slowly as the programme requires, with or without ‘rests’ at
particular temperatures, to boiling. After a period of boiling the hot material is pumped
back into, and is mixed with, the main mash raising its temperature at a predetermined
rate to a pre-chosen value. Before a decoction is carried out the stirrer in the mash-mixing
vessel may be turned off and the mash allowed to settle. Then part of the settled ‘thick
mash’ is pumped to the decoction vessel.

If adjuncts are permitted they may be cooked, with some of the malt mash and
possibly added microbial enzymes, in the decoction vessel. The mash is allowed to stand
until the next temperature rise, created either by another decoction, or by direct heating or
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by sparging. At the end of the mash conversion period the mash is transferred either to a
lauter tun or to a mash filter for wort separation. With undermodified malts double
decoction mashing is said to recover 2% more extract than an infusion mash and a single
decoction process recovers 1.5% more extract. These gains are made at the expense of
higher energy costs, as boiling part of a mash requires heat. With well-made malts the
advantages, if present, are very small if temperature-programmed infusion mashing is
employed. The brewing problems created by using poorly modified malts are such that
their use is now avoided where possible and so the need for decoction mashing is going.
On the other hand some mainland European beers have their full and desirable range of
characteristics only if their worts are prepared by decoction mashing.

In British infusion mashing, carried out with well modified malts, extract yield is
likely to be limited by the extract recovery from the mash, rather than the extent of the
mash conversion. In other words extract will remain in the spent grains. Decoction
mashing schedules are very flexible and are easily adjusted (Kunze, 1996; Narziss,
1992a, b). In the classical three-decoction process (Fig. 4.2) light beers are made with a
liquor/grist ratio of 4.8—5.4hl/100kg grist (4.5—51imp. brl/Qr.) while dark beers are
made with thicker mashes, 3—4hl/100kg (2.75—3.75 imp. brl/Qr.). In the decoctions
used when making light beers, the boiling periods are shorter than when dark beers are
being made. The grist may be mashed in with cold water and the temperature is raised to
35—40°C (95—104 °F) either by adding hot water, or by direct heating, while the mash is
stirred. The main mash may be allowed to remain at this temperature for about two hours.
During this stand heat-labile enzymes, such as (-glucanase, maltase, proteases and
phytase, have a chance to act. The pH of the mash may fall, partly due to the activities of
lactic acid bacteria. After about one hour into this period a third of the mash (stirred ‘thin’
or settled and ‘thick’) is transferred to the decoction vessel and is heated to boiling, often
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Fig. 4.2 The temperature changes occurring in a typical, traditional triple-decoction mashing
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with a rest at 65—70°C (149—158 °F) to allow a-amylase to liquefy the starch. After a
period at 100°C (212 °F), say 15 min. for pale beers and 45 min. for dark beers, the hot
mixture is added back to the stirred main mash, increasing its temperature to 50—53 °C
(122—127 °F). During the next rest the surviving enzymes begin to attack the gelatinized
and liquefied starch and proteolysis continues relatively quickly. A second decoction,
also with about a third of the mash, which may or may not have a ‘rest’ during heating at
about 65°C (149 °F) to liquefy starch, increases the temperature of the main mash to
about 65—70°C (149—158 °F). A final decoction increases the temperature to about 76 °C
(169 °F) then, after a short rest, the mash is transferred to the lauter tun or filter and wort
collection begins. A three-decoction mash may last six hours. As with other mashes the
exact temperatures chosen, the duration of the rests and boils and the rates of mash
heating and mixing can be varied. However, with well-modified malts such a process is
unnecessary. It is too long, too complex and the three boils are too expensive.

Many faster and more economical double- and single-decoction procedures are used.
For example, malt may be mashed in at 35°C (95°F) and, after a short rest, the
temperature of the mash is raised to around 52°C (126 °F; Fig. 4.3). Two successive
decoctions, each with a quarter of the mash, increase the main mash temperature to
65—70°C (149—158 °F) and then 76°C (169 °F). The whole process takes about 4.5 h.
Many more rapid double-decoction processes have been described and in each case better
modified malts are needed and the processes more nearly approach the conditions used in
infusion mashing. For example, a mash is prepared at 63 °C (145°F) and after a short
stand about a quarter of the mash, possibly a ‘thick mash’, is withdrawn and boiled (Fig.
4.4). When it is mixed into the main mash the temperature is increased to 70 °C (158 °F).
After a rest of 45—60 min. a second decoction, also with about a quarter of the mash, is
used to increase the main mash temperature to about 77 °C (171 °F). After about 30 min.
wort collection can begin. The whole process takes 2—3 h.

Single decoction mashes are even simpler. For the preparation of dark beers the mash
may be given a preliminary long stand at a low temperature. This can allow the
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Fig. 4.3 A temperature scheme for a typical two-decoction mashing programme (after Hind,
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Fig. 4.4 A shortened double-decoction process, lasting about two and a half hours (after Hind,
1950). For the key, see Fig. 4.2. About a quarter of the mash is used in each decoction.

multiplication of unwanted microbes and the development of unwanted flavours. Often
the single decoction is coupled with a temperature-programmed period. For example, a
mash is made at 35°C (95°F), then the temperature is successively raised to 50°C
(122 °F) and then 65—67 °C (149—152.7 °F) with rests at these temperatures. Then about a
third of the mash (a thick mash) is taken and heated, with a rest at 70°C (158 °F), to
boiling. This is added back to the main mash, increasing the temperature to 75°C
(167 °F). An interesting variant is where a mash is made at 35 or 50°C (95 or 122 °F) and
after a stand the mash is allowed to settle and the relatively clear liquid, which contains
enzymes, is held while the thick mash is stirred and directly heated with rests at 63—65 °C
(145—149 °F) and 70—75°C (158—167 °F), then the thick mash is heated to boiling. This
boil will disrupt any solids and gelatinize any remaining starch granules but will
inactivate enzymes. Then the thick mash is cooled to 65°C (149 °F) and is recombined
with the thin mash, which provides enzymes to attack the disrupted materials. The
recombined mash is initially at about 67 °C (152.7 °F), and is successively warmed, by
direct heating, to 70 and then 75°C (158 and 167 °F). However, the cooling process
wastes heat.

Various special mashing programmes are used in Germany (Kunze, 1996; Narziss,
1992a,b). In the jump-mash system (Springmaischverfahren), which is used to produce
wort with a low fermentability, a thick mash is prepared at 35—40°C (95—104 °F). Then
boiling water is stirred in over a 15 min. period to give a temperature of 72 °C (161.6 °F).
By this means the grist is hydrated and some of the thermolabile enzymes have a chance
to act before the temperature is increased to permit starch liquefaction and dextrinization
while minimizing saccharification. The mash temperature is increased to about 78 °C
(172.4 °F) before wort collection. The wort has an attenuation limit of only about 40%. In
the Kubessa process the grist is divided into flour, grits and husk fractions. The husk
fraction is mashed separately at 50 °C (122 °F) and is held at this temperature while the
flour and grits are mashed using a rising temperature programme, with rests at
appropriate temperatures, until the mix is boiled. Then the two mashes are combined to
give a mixed mash at about 70 °C (158 °F). After a stand the temperature is raised to 78 °C
(172.4 °F) and the wort is collected. This process, which is little used, avoids boiling the
husk material and gives beer with a better flavour. In the preparation of low-carbohydrate
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beers it is necessary to ferment as much of the wort carbohydrate as possible. Where the
use of microbial enzymes is permitted this is achieved by adding fungal a-amylase, with
or without pullulanase, to the fermenting beer. In Germany highly fermentable wort may
be made by using an exceptionally ‘intensive’ temperature-programmed mash, with rests
at 50°C (122°F)/30min.; 62°C (143.6°F)/45min.; 65°C (149 °F)/45min.; 68°C
(154.4°F)/30 min.; 70°C (158 °F)/30 min.; 72 °C(161.6 °F)/15 min. and then mashing off
at 73—74°C (163.4—165.2 °F). This process takes 3.5—4 h. Even so the wort is not fully
fermentable and it is necessary to add powdered highly diastatic malt or malt extract to
the fermenting beer. These additions risk contaminating the beer with spoilage
organisms.

Decoction mashing is convenient when small amounts of adjuncts need to be cooked,
since cooking can be carried out in the decoction vessel. The use of large quantities of
adjuncts, such as rice, maize and sorghum grits, that require thorough cooking, combined
with the availability of high-nitrogen, enzyme-rich malts gave rise, initially in North
America, to the double-mash system. With this two mashes are prepared and then they
are combined, often in a third vessel (Fig. 4.5). The adjuncts, which may comprise
25—60% of the grist, are mashed in, in a cereal cooker, with a proportion (5—10%) of a
highly enzymic malt (80—200°L) or a heat-stable bacterial a-amylase, at about 35°C
(95 °F). The temperature is raised to about 70 °C (158 °F) and the malt starch is liquefied
and liquefaction of the adjunct starch begins. The temperature is traditionally increased to
boiling and is held at this temperature for about 45 min. However, depending on the grist
and the enzymes used, it may be preferable to hold the temperature at 85 °C (185 °F), and
so save the cost of the fuel needed for boiling. While the adjunct mash is in progress the
malt mash is prepared by mashing-in (doughing-in) at about 35 °C (95 °F). After a rest of
about one hour the two mashes are combined and mixed achieving a temperature of about
68°C (154.4°F). After a stand of 15—30 min., when all the starch is saccharified, the
mash is heated to around 73 °C (163 °F) by adding hot liquor or by steam injection, then it
is lautered.
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In parts of Africa no barley malt is available and the sorghum malt is not suitable for
making lager-types of beers with mashing schedules designed for barley malts (Chapter
16). Under these circumstances mashes have been made with maize or sorghum grits
converted with microbial enzymes. Sometimes 10—20% of sorghum malt has been
included in these grists to provide soluble nitrogenous materials, but they are virtually
‘all-adjunct’ mashes.

When making some traditional Belgian top-fermented beers the temperature of the
infusion mash may be increased by steam injection (De Clerck, 1957). Mashing-in may
be at 45—50°C (113—122 °F) then, after a 30—45 min. stand the temperature is increased
to 62—63 °C (143.6—145.4 °F). After another rest of 30—45 min. the temperature is raised
to 70°C (158°F) and then, after 30—45 min., to 75°C (167 °F). After a pause wort
collection is started. Temperature-programmed infusion mashing is being more widely
used both in ale and lager breweries. The rising temperature programmes may be adjusted
in many ways, allowing rests at any desired temperature. The stirred mash is heated in
one vessel, sometimes with precautions to exclude air, and so the costs of a decoction
vessel and heating parts of the mash to boiling are avoided, although an adjunct cooker
may be needed. Boiling thick mashes is not practical and so, if undermodified malts or
mashes with particular adjuncts are used, the mashing programmes must be extended and
it is sometimes necessary to add microbial enzymes. For a mash made with an
undermodified malt the temperature/time sequence might be 35 °C (95 °F)/30 min.; 50°C
(122 °F)/30 min.; 65°C (149 °F)/30 min.; 70°C (158 °F)/30 min., 75°C (167 °F)/15 min.
then mashing off, with the temperature rising between the rests at the rate of 1°C (1.8 °F)/
min. For mashes being made with better modified malts the programme might start at
48—50°C (118.4—122°F) and the durations of the different rests may be varied to
achieve the desired quality of wort. Typically these mashes last 2—3 h. Often the mashing
programme is chosen to produce a wort that is closely similar to one made by a decoction
mashing programme (Hug and Pfenninger, 1979; Fig. 4.6). Temperature-programmed
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Fig. 4.6 The temperature programmes of three mashes that yield very similar worts (after Hug and
Pfenninger, 1979). The uppermost scheme is for a temperature-programmed infusion mash while
the central scheme is for a single-decoction mash and the lowest is for a double-decoction mash.
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mashing is easily automated and is said to use 30—50% less energy than a similar
decoction mashing programme. However, while wort produced by different programmes
may often be matched, this is not always the case. Decoction mashes tend to give darker
worts with lower TSN levels and higher viscosities due to the non-starch polysaccharides
dissolved during boiling. The husks are not boiled in infusion mashing. This is said to
improve the flavour of the resultant beer.

Novel ‘mixed’ mashing systems are used in Belgium for preparing some traditional
beers (De Clerck, 1957). These involve the use of large amounts of unmalted wheat. In
one system the wheat is boiled in a copper, and then cooled and a diastatic extract is
added to liquefy the starch. Separately the malt is mashed in a mash tun and the wort is
drawn off from the base. The wheat mash is transferred onto the top of the malt mash and
the liquid is collected after it has filtered through the layer of malt. Other mashing
systems involve producing ‘turbid worts’ by mashing malt and wheat, mixed together, in
a mash tun at 50°C (122°F), standing and then collecting the wort and the turbid
supernatant in a copper. The re-mashing is repeated two or three more times, using
progressively hotter liquor. Each time the wort is added to the copper. The copper
contents are heated and held at 70°C (158°F) to saccharify suspended starch. This
process, which produces turbid final worts, is needed to give Lambic beer its correct
character.

4.3 Altering mashing conditions

4.3.1 The grist
Malt and some adjuncts, such as torrified wheat, must be broken up before mashing. Until
recently this was nearly always achieved by roller milling, but now hammer-milling is
sometimes used (Chapter 5). The objective of milling is to break up the grist to give an
acceptable range of particle sizes. The acceptable range is determined by the wort
separation system being used. Often milling is carried out in such a way as to minimize
the break-up of husk material, as husk fragments help to give the mash an open structure
and aid wort separation. Indeed, many years ago oat husks were added to mashes to ‘open
them up’. Mash tuns require the coarsest grists, followed by various types of lauter tun,
and then mash filters. While older types of mash filters required a fine, roller-milled grist
the newest designs use hammer-milled grists that are very fine indeed. There are reasons
for using the most finely ground grist that can be processed with the equipment available.
The finer the particles the faster they hydrate on mashing, the faster the pre-formed
soluble substances dissolve and the faster the extract leaches from the particles during
sparging. Furthermore, the enzymes have more ready access to their substrates in
thoroughly disrupted grists. The surface/volume ratio of a material is larger the smaller
and more numerous the particles into which it is divided and so a finely divided grist
provides a larger surface area on which enzymes can act and across which substances can
diffuse. To varying extents the particles will be pervious, permitting enzymes, substrates
and the products of hydrolysis to enter and leave. In practice, finer grinding gives grists
that, up to a given ‘degree of fineness’, yield higher extracts (Tables 4.1, 4.2). Finer
grinding is less advantageous with better modified malts (this is the basis of the analytical
fine-coarse extract difference determination), but it is beneficial with many (perhaps all)
mash tun adjuncts.

For many years attempts have been made to find ways of producing worts from finely
ground, or ‘pulverized’ grists. Decanter centrifuges, belt filters and rotary vacuum filters
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Table 4.1 Average laboratory extract values, obtained from 12 malts mashed isothermally at
65 °C (159 °F) for one hour, using three settings of the Biihler-Miag disc mill. The smaller the gap
between the grinding surfaces the finer the grind (Martin, 1979)

Gaps between milling surfaces (mm) 0.2 0.5 0.7
Hot water extract (1°/kg) 296.2 293.5 291.4
Confidence limits (95%) +2.0 +1.9 +1.9

(In a previous trial the HWE values were 305.4, 302.3 and 300.0 respectively.)

Table 4.2 Some analyses of two short-grown, experimental malts and a commercial malt ground
with different degrees of fineness (Wackerbauer ez al., 1993)

Malts (days germination) 3 5 7 (Commercial)
Friability (%) 62 83 91

Whole corns (friabilimeter, %) 3 2 1

Extract (coarse grind EBC,%) 73.9 78.6 79.7

Extract (fine grind EBC, %) 80.2 80.8 80.9

Extract (hammer milled, %) [78.6]* 81.4 81.7

* The reason for this atypical low value is not clear. Possibly the mixing in of the very fine grist was uneven.

(used with kieselguhr filter aids) have been tried for separating the wort from the spent
grains. The advent of the newest types of mash filters (Chapter 6) has permitted the use of
very fine grists. The introduction of very fine grinds necessitates the alteration of the
mashing schedule if an established product is to be ‘matched’. More finely ground grists
are ‘converted” more quickly, saccharify faster, give higher extracts and sometimes the
worts obtained are more fermentable and less turbid. Narziss (1992b) reported that malts
ground coarsely, finely and powdered gave samples with extracts (% dry wt.) of 78.9,
80.7 and 82.4, the worts having real attenuation limits (%) of 66.1, 65.1 and 65.3
respectively. By using very fine grists the whole mashing process can be carried out more
quickly and with better extract yields. The levels of TSN and FAN increase and, at least
with some grists, the levels of soluble -glucans increase and wort viscosities increase
(Pollock and Pool, 1968; Narziss, 1992a, b; Kunze, 1996). Sometimes the flavour of the
beer produced is improved, perhaps because the shortened mashing times allow less
poorly flavoured material to be extracted. It may be possible to use a higher proportion of
adjuncts in a finely divided grist, and the fine grind is helpful when processing under-
modified malts. With modern mash filters the extract recoveries from finely ground grists
can equal, or exceed, laboratory extracts.

Malt grists can be fractionated by sieving (screening) and/or by air classification. The
fractions have different compositions and yield different worts when mashed separately.
So, for example, fine flour derived mainly from the inner starchy endosperm saccharifies
well when mashed alone, and yields an exceptionally high extract (e.g. 96%), and gives
pale beers with very fine, pure and fresh flavours but lacking in body, low in phenolic
tannins and resistant to the formation of chill haze. In contrast the fraction enriched with
the outer parts of the starchy endosperm yields more soluble nitrogen, has an extract of
about 80%, an intermediate colour and gives a beer that is full bodied and with a fresh
flavour but having a harsh, clinging, astringent or bitter after-taste (Kieninger, 1969,
1972). The husk fraction was obtained in smaller amounts. By combining fractions in
different proportions different types of beer could be made. Also, by removing part or all
of the husk material, brewing with the remainder of the grist would be more rapid, the
beers produced would be paler and have a higher haze stability and a ‘finer’ flavour
(Vose, 1979). These fractionation processes take time and involves extra costs and
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produce a husk-enriched fraction that needs to be used. Its use in cattle food would seem
to be uneconomic and to use it, added to the grist, in the production of ‘normal lagers’,
would compromise their quality. Probably grist fractionation processes are not in
commercial use.

By using a high-impact mill, running at a reduced speed, and then fractionating the
grist over a 1.60 mm screen Krottenthaler et al., (1999) separated the grist, which initially
had an unusually wide range of particle sizes, into 79% finely ground and 21% more
coarsely ground. The husk contents of the fractions seemed to be the same, and the
extracts were almost identical. However, on analysis the coarse fraction took 55—60 min.
to saccharify, compared to the 10 min. by the fine fraction, and the coarse fraction yielded
less FAN and total soluble nitrogen but substantially more (-glucan and a more viscous
wort. Thus the coarse material was derived from the under-modified portions of the malt.
By mashing in the coarse material at 35°C (95 °F) then temperature programming to
65°C (149 °F) then, after a rest during which starch conversion should have occurred,
combining the ‘coarse mash’ with the mash of the fine fraction, that had been made at
25°C (77°F) in a second vessel, a combined mash temperature of 45°C (113 °F) was
obtained. After a rest, during which the temperature-sensitive 3-glucanase surviving in
the fine fraction mash should have operated, the temperature of the combined mash was
increased to 65 °C (149 °F). Then, after a further rest during which the starch from the fine
fraction should have been converted, the temperature was increased to 72 °C (161.6 °F),
which was held for a further period, allowing some final a-amylolysis, before lautering.
Compared to the standard mashing programme, slightly more extract was recovered using
the fractionated grist mash (83.0 compared to 83.5%) the viscosity of the wort was
usefully reduced (1.61 compared to 1.52 mPa.s for an 8.6% wort) and the (-glucan
content was roughly halved. Such a technique may be attractive where the Reinheitsgebot
or similar restrictions are in force. A similar result could be obtained more simply by
adding a fungal -glucanase/cellulase preparation to the unfractionated mash.

4.3.2 Malts in mashing
The choice of malts is dictated by the type of beer to be made and by quality
considerations. Some qualities of different types of malt are indicated in Chapter 2. The
brewer is faced with the problem that malts with the same traditional analyses may be
different, and the differences can give rise to major problems in the brewery and in beer
quality. Coloured and special malts’ flavours change and decline with age and so these
materials should be used fresh and their lab worts should be tasted and smelled to see that
they are ‘normal’. Although chemical ‘marker’ substances, such heterocyclic, nitrogen-
containing Maillard products, have been sought, to allow flavour to be quantified
indirectly by chemical analyses, this approach has had little success. Most attention has
been paid to pale malts, since these make up the greater part of malt requirements,
whether or not adjuncts are also used. In the first place each batch of malt should be as
nearly identical as possible to earlier batches of the same type used successfully to make
a particular product. This is not necessarily easily achieved. The old belief that some pale
malts behave better when mashed after several weeks storage has been confirmed
(Rennie and Ball, 1979). The ease of wort separation improves over a period of about
three weeks and the clarity of the worts improves, but the reason(s) are unknown.

As the available varieties of barley change the problem arises that they produce
different malts when malted in one way. Some varieties give malts that give higher, or
lower levels of hydrolytic enzymes, TSN or FAN relative to the yield of extract, or that
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give worts differing in fermentability or flavour and so on. Even comparatively small
differences between samples of one variety of barley can cause differences during
malting and in the quality of the malt produced. Irregularities in germination can lead to
inhomogeneity, which is not always easy to detect, and may not be suspected until it has
caused problems in the brewery.

Brewers require a malt that mills easily to give the correct ranges of particle sizes, that
converts in the ‘standard’ time to consistently produce their standard wort, and allows
easy, rapid and repeatable wort separation from the mash. The recovery of the extract
should be as high as the equipment in use allows. These points are particularly important
in automated plant and/or where a high, fixed number of brews should be completed each
day and there is no spare time. The wort should have the correct characteristics for the
beer being made and the beer made from it should be easy to filter and require minimum
‘stabilization treatments’ (e.g. with silica hydrogel, PVPP adsorbents or additions of
enzymes) to minimize haze formation or flavour deterioration and so have a maximum
shelf-life. The wort should have all the components the yeast needs to achieve a rapid and
complete fermentation.

Brewers require analyses of each batch of malt. Regrettably different brewers have
different requirements (Chapter 2). Normally analyses will include moisture content,
colour, laboratory extract (HWE or E), total nitrogen (TN; protein), soluble nitrogen (or
protein) and free amino nitrogen (FAN, determined by a stated method). Sometimes, and
often if adjuncts are being used, they will also ask for estimates of the diastatic power
(DP) and a-amylase activity. S-Glucanase estimations may also be required. These are of
minimum value if isothermal infusion mashing is being used unless barley adjuncts are
included in the grist. However, they can be of use when deciding on the decoction or
temperature-programmed mashing sequence to be used with under-modified malts or
grists containing barley adjuncts.

The most important analysis is the laboratory extract as, in general, the higher this is
the better the quality of the malt. Allowance is made for the nitrogen content, which is
inversely related to the extract yield, and for the variety of barley from which the malt is
made. High total nitrogen contents are related to better foam characteristics in the beer
and to harder malts. An adequate FAN level is needed in a wort to ensure that yeast grows
well and that fermentation proceeds rapidly and completely. Too high values are not
desired as this can lead to excessive and wasteful yeast growth. Higher values are
required for malts that are going to be used together with adjuncts that act as nitrogen
diluents as they contribute relatively little or no soluble nitrogen to the wort. Colour, or
boiled wort colour, gives a good estimate of the colour of the beer and indicates what
colour adjustment may be needed.

Other tests are now often used in attempts to overcome the deficiencies of the
traditional analyses (Briggs, 1998). Heterogeneity may be determined by scoring stained
grain sections or by the determination of partially unmodified grains using the
friabilimeter. The friability of the grain indicates the type of result that will be obtained
when the malt is milled. Wort 8-glucan may be determined as may the residual 3-glucan
in the malt and the viscosity of the wort. High values for fine grind-coarse grind
laboratory extract differences indicate that malts are under-modified and that they may
give rise to brewing problems (Table 4.2). At least one brewery has found that the fine
grind, coarse grind and concentrated mash extract difference and the total malt 3-glucan
content are inversely related to extract recovery in the brewhouse and that the viscosity of
wort from a 70°C laboratory mash is correlated with the viscosity of strong brewery
worts and so high values give warning of possible beer filtration problems and the



4 The science of mashing 99

occurrence of B-glucan hazes and gels (Bourne and Wheeler, 1982, 1984; Bourne ef al.,
1982). In another brewery, using traditional ale isothermal infusion mashing, the extract
recoveries in the brewery were correlated with the hot water extracts and fine-grind-
coarse-grind extract differences. So, from the laboratory measurements it was possible,
by entering the values in the appropriate equation, to predict the brewhouse yield of
extract (Maule and Crabb, 1980). Many correlations between laboratory analyses and
brewery performances have been reported, but the correlation coefficients seem to vary
significantly or to fail in different years and/or not to be applicable to different breweries.
Thus the performance of each brewing line needs to be evaluated and ways to predict its
performance need to be assessed individually.

‘Problem malts’, malts which give rise to brewing difficulties, are usually
characterized by their ‘wrong’ degrees of modification, either in all the grains or in a
proportion of the grains, when the malt is inhomogeneous. As noted, the ‘correct’ malt
characteristics vary with the way it is to be used. In addition to inadequate enzyme levels
under-modified malts are characterized by the inadequate breakdown of the endosperm
cell walls. These unmodified regions resemble raw barley, and the problems associated
with their presence resemble the difficulties encountered when raw barley is used as an
adjunct. They are tough and, when the malt is milled, they give rise to coarse grits. The
intact cell walls contain 3-glucan and pentosans and, as they ‘box in’ the starch and
protein of the cells, these are not degraded because enzymes cannot pass through the cell
walls except where these are disrupted by milling or heating, as in decoctions. So
undermodified malts give low extract recoveries, and the worts are often poorly
fermentable. The levels of soluble nitrogen are low, the worts are viscous and rich in (-
glucans and wort run-off is slow. The -glucans may, or may not, deposit as gels or give
rise to hazes, but they always seem to give difficulties with beer filtration. These
problems can be minimized by adding microbial enzymes to the mash. In addition the
beers may show protein-polyphenol haze and flavour instabilities. Nor are over-modified
malts desirable. Besides the high malting losses accumulated during their production
these give rise to too powdery grists when the malts are milled (impeding wort run-off)
and although the yield of extract is good the quality can be poor. In particular the beer
made from this malt is likely to lack body, the flavour may be poor, and the foaming
characteristics will be bad.

Different types of malt have different characteristics. For example, the more highly
cured a malt is the lower its enzyme content (Table 4.3). The extract is slightly reduced
by more curing, and the levels of soluble nitrogen are reduced, as shown by the decline
in the nitrogen index of modification. S-Methyl methionine, SMM, the precursor of
dimethyl sulphide, DMS, is destroyed and so kilning may be used to regulate the levels
of this compound. The fermentability of the wort is reduced, giving beer with a lower
alcohol content and more residual carbohydrate. The colour of the worts from more
highly kilned malts are darker. Crystal malts and black malts are enzyme free and their
inclusion in a mash reduces the fermentability of the wort. In making low-alcohol beers
it is usual to mash well-cured malts with caramel malts at high temperatures to minimize
saccharification, and so reduce the production of fermentable sugars. In addition
experiments have been made in steaming green malts to cause enzyme destruction
before kilning (Briggs, 1998). Curiously, the use of malts dried at low temperatures
(40°C, 104 °F) to a moisture content of 7—8%, which have high enzyme contents, seems
not to occur although the reduction in kilning costs should make them less expensive.
The use of undried, ‘green’ malts is impractical in production brewing. Malts made with
barleys containing a mutation that prevents the formation of anthocyanogen
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Table 4.3 Some effects of malt kilning on wort and beer analyses. The green malt was freeze
dried before analysis. The kiln-dried samples were removed at successive stages of kilning (data of
MacWilliam, 1972)

Freeze-dried Lightly Kilned Strongly

kilned kilned

Malt properties
Colour - 3 6 13
Moisture (%) 41.3* 3.7 2.9 23
Hot water extract (Ib/Qr) 104.0 102.9 102.2 101.9

a "/kgﬂL 308 305 303 302
Cold water extract (%) 19.4 19.5 19.1 17.1
Diastatic power (°L) 131 98 68 48
Total nitrogen content (%) 1.59 1.55 1.56 1.47
Index of nitrogen modification (%)i 43.7 43.9 41.6 38.7

[* Moisture content before freeze drying. 1 Approximate equivalents to the values in the older units. i PSN/TN].

Beer properties

Total carbohydrate (g/1) 133 16.7 21.6 27.4
Residual fermentable sugars (g/1) 1.1 2.8 1.3 4.8
Non-fermentable carbohydrate (g/1) 12.2 13.9 20.3 22.6
Total soluble nitrogen (mg/l) 526 645 593 580
Bitterness (EBC units) 223 25.8 22.6 23.6
Head retention (half-life, seconds) 91 106 93 101
Colour (EBC units) 12 15 17 27
Flavour (bottled) ‘Green malt’ ‘Lager-like’ ‘Pale ale’  ‘Mild ale’

polyphenols, which contribute to the formation of protein-tannin hazes, give beers that
are extremely resistant to haze formation, are in limited use. However, proposals to
make malts from low (-glucan barley mutants or barleys that have been genetically
modified to contain more heat-stable a-amylase or 8-glucanase have not been carried
out. In part this may be due to the sentiment opposing the use of genetically modified
materials in brewing.

Several brewing problems are associated with microbial infections of malts. Off-
flavours may occur and there is always the concern that mycotoxins may be present on
poor malts. Particular attention has been paid to the possible presence of aflatoxins,
ochratoxin, zearalenone, deoxynivalenol, fuminosins and citrinin, which can be produced
by a range of fungi infecting barley (Scott, 1996). Some, such as citrinin, do not survive
the brewing process, but others, such as deoxynivalenol, can survive into beer. Fungi also
produce factors that cause gushing (over-foaming) in beers. The solution seems to be to
avoid making malts from cereals that are heavily infected with fungi. Fungal infections
are a considerable problem in tropical areas. High levels of bacteria on malt can also give
problems. Bacteria multiply very greatly during malting, especially on the substances
leached from split grains. Malts made with heavily infested barleys have, on mashing,
given rise to very slow wort filtrations, possibly due to microbe-produced polysacchar-
ides clogging the grain bed. Other malts have given worts having persistent hazes due to
suspended dead bacteria, about 0.6 m in diameter (Walker ef al., 1997). Another problem
caused by microbial infestations of malts are the wild, and unpredictable fluctuations in
the pH of worts (e.g. pH 5.45-6.06; Stars et al., 1993). Multiplication of lactic acid
bacteria on the growing malt and particularly in the initial stages of kilning high-moisture
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green malts, was largely to blame. The malting process had to be modified to minimize
this problem.

The most uniform homogeneous malts are made by malting grain of one variety and
one grade. However, successive batches of malt, made to meet one specification inevitably
differ slightly and so they may be mixed, or ‘blended’, to meet a brewer’s specification.
Many European brewers regard blending malts of one grade but made from different
barleys as unacceptable, even though in some other areas mixtures of barleys are malted.
Brewers commonly mix different malts (pale, caramel, brown, etc.) to obtain the mix
appropriate for a particular beer. Narziss (1991, 1992a) gives examples of malt mixtures
used to make many European types of beers. At the start of a new season the old season’s
malt, of any type, will increasingly be diluted with the new season’s malt of the same type
so that any consequent small differences in beer quality will not be noticed. Some types of
blending are never acceptable. For example, suppose a beer is made with a coloured malt
to give a colour 10. If the usual coloured malt is not available it is not acceptable to blend
50:50 two malts of colours 5 and 15. The colours may match in intensity (but probably
not quality) but the flavour of the product will not match the original, since the ‘average’
mix of flavour substances will be different from that in the original malt. When two
similar malts are blended it is necessary to be able to predict the wort quality that the blend
will give (Moll, et al., 1982; Yamada and Yoshida, 1976). In general the extract and FAN
values of mixtures vary linearly between the values of the individual malts according to
their proportions in the mixures. But the fermentabilities of the worts will be better than
predicted from simple proportions (synergism is shown) as enzymes from the more
enzyme-rich malt partly compensate for the inadequate levels in the other. Since in one
case the increase above the fermentability was due to increased levels of maltose and
maltotriose this could have been due to the activity of limit dextrinase.

4.3.3 Mashing with adjuncts

The characteristics of commonly used adjuncts are summarized in Chapter 2 and Briggs
(1998). Like special, highly coloured barley malts mash tun adjuncts are deficient or
totally lacking in the enzymes needed to convert the starch or degrade nitrogenous
substances during mashing. Like the unmodified regions of pale malts, and especially chit
malts, many adjuncts retain their cellular structure which must be disrupted by cooking or
milling to allow enzymes access to the starch and protein during mashing. Malt extracts,
sugars and syrups may be used as copper adjuncts to provide more extract, to create high-
gravity worts, to ‘dilute’ soluble nitrogen and to adjust wort fermentabilities. In general,
adjuncts are used to provide relatively inexpensive extract, to modify beer character
(often resulting in less body, a more ‘delicate’ and bland flavour or a less strong
character), and to dilute the levels of lipids, polyphenols and soluble proteins from the
malt giving a more haze-resistant, and sometimes more flavour-stable beer and to
improve the head of the beer (Briggs, 1998; Martin, 1978).

The proportions of adjuncts used in mashes vary widely, even within one country. In
Bavaria no adjuncts may be used, in the UK 0—25% of wort extract may be derived from
adjuncts (including copper adjuncts), while in the USA and Australia levels of 40—50%
are common and sometimes may be higher. It is not possible to switch between adjuncts
at will because the handling equipment and processing conditions that each require are
different. Mash tun adjuncts can cause some brewing problems and extra costs, including
the need for extended mashing schedules and/or the provision of a cereal cooker, the need
for additions of microbial enzymes, slow wort separations and difficulties with beer
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filtration. As the proportion of adjunct in the mash increases so, at some stage, the
quantities of enzymes available from the malt become inadequate for achieving a good
starch conversion, and the recovery of extract declines, the fermentability of the wort
falls, the levels of soluble nitrogen and free amino nitrogen, and even some inorganic
substances may fall to such a level that yeast growth and fermentation may be impaired.
In North America, using the double-mashing system (Section 4.2), up to 60% of maize or
sorghum grits may be used in conjunction with highly enzymic, nitrogen-rich malt. Even
with this system it may be advantageous to use microbial enzymes, such as heat-stable a-
amylase, to liquefy the grits in the cooker or a fungal saccharogenic amylase, pullulanase
or amyloglucosidase to adjust wort fermentability.

Green malt, used experimentally in simple infusion mashes, can convert large
proportions of adjuncts exceptionally well giving highly fermentable worts with low
levels of proanthocyanidins that give highly haze-resistant beers (MacWilliam et al.,
1963; Briggs et al., 1981). However, the difficulties of handling green malt, coupled with
‘raw-grain’ flavour, have prevented this being used. In practice, highly enzymatic, high-
nitrogen pale malts made from selected varieties of barley, are best for converting
adjuncts (Allen, 1987; Halford and Blake, 1972).

The adjuncts used in simple infusion mashes either contain starches with low
gelatinization temperatures or have been pre-cooked to pre-gelatinize the starch. These
include raw barley, (sometimes regarded as the ‘natural adjunct’), wheat flour, torrified
barley or wheat and flaked maize or rice grits. In addition, flaked barley or wheat may be
used. Flaked maize and flaked rice were very popular with British brewers, but they are
little used now, because of their costs. Some pre-cooked cereals give lower extracts than
expected because during cooking some of the amylose is induced to crystallize and so
become enzyme-resistant (Home et al., 1994). Provided that adjuncts are not used in
excessive amounts, they are well mixed in with the malt at mashing in and the malt
contains an adequate level of enzymes, they are relatively easy to use. The torrified grains
can be milled with the malt. However, raw barley is tough and may need to be wet-milled
or ground separately in a specially adjusted mill. ‘Barley brewing’ is considered later.
Wheat flour, like raw barley, can slow wort separation to a serious extent and although it
has been used at malt replacement levels of up to 36% (Briggs et al., 1981; Geiger, 1972),
in conventional infusion mashing levels of 5—10% are more usual. The inconvenience of
the slow wort separation is partly offset by enhanced head formation and beer stability
Wort filtration problems are reduced by grinding the wheat more coarsely, (e.g by
hammer-milling it with a 2—3 mm screen) and by adding a mixture of pentosanase and
cellulase enzymes to the mash (Forrest et al., 1985).

Highly purified wheat starch is not troublesome but the technical grade usually used has
associated protein and other materials which slow run-off. Higher extracts are recovered if
wheat starches or flours are pre-soaked or pre-cooked at about 85°C (185°F) to allow
gelatinization and liquefaction. The material is not boiled to avoid frothing. The flours are
mashed-in at cool temperatures to avoid clumping. Raw barley, flaked barley and, to a
lesser extent, torrified barley, like under-modified barley malts, release 8-glucan into the
wort. This is associated with (but is not necessarily the major cause of) slow wort
separation, but it causes worts to be viscous, it slows beer filtration, and sometimes causes
hazes and the separation of polysaccharide gels from strong beers. To minimize these
problems it is necessary to use malt containing adequate levels of 3-glucanase, or to add
microbial 8-glucanase or cellulase to the mash (Crabb and Bathgate, 1973). In temperature-
programmed mashing an appropriate low-temperature rest is used to allow the malt enzyme
to act, or a heat-stable microbial g-glucanase or cellulase can be added to the mash.
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In double-mashing the adjuncts used are usually maize-, or rice-grits, although sorghum
grits, cleaned sorghum grains and other cereal preparations can be used. Rice grits tend to
give a ‘drier’ character to a beer, while maize grits confer a ‘rounder’ and more ‘full’
impression. Cooking is essential when the adjuncts have starches with high gelatinization
temperatures (Table 2.3). Rice grits and flours are very variable in their qualities and cooked
viscosities may vary 100-fold and run-off times three-fold (Teng et al., 1983). Rice grits are,
perhaps, the most difficult adjuncts to use. On cooking, a rice-mash may set to a gel and
become unmanageable. Sometimes it may be possible to buy rice of a named variety, having
favourable brewing characteristics, but often this is not possible, as only mixtures of rices of
unnamed varieties are available. Extract recovery is inversely proportional to the gel point,
so a measurement of the latter can be used to give an indication of the brewing value of a
batch and how it should be mashed (Teng et al., 1983). If barley malt is the source of the
liquefying a-amylase then at temperatures over 78 °C (172.4°F) the enzyme is quickly
inactivated while some of the starch will not have been gelatinized. It may be necessary to
employ complex mashing schedules with heating, cooling and decoctions and more than one
addition of malt (Kunze, 1996; Narziss, 1992a). Where the use of microbial enzymes is
permitted the rice-mash may be supplemented with a calcium salt (e.g. 100 mg Ca/litre) and
the pH adjusted to 6.0. Then a heat-stable bacterial a-amylase is added and the mixture is
heated, with a rest at the best temperature for the enzyme (e.g. 85 °C; 185 °F) to boiling. It
may be preferable, and more economic, to use two enzyme preparations, a less expensive
preparation of a-amylase with a comparatively low temperature optimum (75 °C; 167 °F)
and a thermostable enzyme with an optimum temperature of 90 °C (194 °F), and then carry
out the heating with rests at the two temperature optima. Cooking may be carried out under
pressure, but at the elevated temperatures attained unwanted flavours, involving the
formation of sulphur compounds, may be formed. At the end of the cooking period the pH
should be adjusted to about 5.5, before mixing with the malt mash.

Sorghum and maize grits are used as adjuncts with barley malt mashes. In some areas
of Africa there is pressure to use indigenous cereals to make beers and the use of
imported barley malt has been restricted or prevented. Some clear, lager-style beers have
been made using malted sorghum. The poor and irregular quality of this material and the
high gelatinization temperature of its starch combined with a deficiency of desirable
enzymes means that microbial enzymes are routinely used in making most or all of the
commercially prepared beers (Demuyakar et al., 1994; Hallgren, 1995; Lisbjerg and
Nielsen, 1991; Little, 1994; MacFadden, 1989; Muts, 1991; Chapter 16). Since added
enzymes are needed it is economic to use little or no sorghum malt and to mash
exclusively with whole sorghum grains or sorghum grits and/or maize grits. With these
mashes it is necessary to use mash filters for wort separation. The composition of
sorghum grains is very variable, but may yield extracts of about 70%. Grits can yield an
extract of over 90% and, at 1%, their lipid content is less than that of the grains at about
3.5%. It is best to use pale grains. If the tannin-rich, coloured, ‘birdproof” types must be
used then they should be given an alkaline wash with calcium hydroxide, sodium
hydroxide or ammonia solutions to extract as much tannin as possible or a formaldehyde
wash may be used to bind the tannins, although this is now disliked. Failure to control the
tannins results in the inhibition of enzymes during mashing and possibly flavour
problems.

Sometimes a proportion of sorghum malt is included in the mashes to enhance the
levels of assimilable nitrogen in the wort (Bajomo and Young, 1993). When making an
all-grits mash the problem is to obtain the maximum extract, having the correct degree of
fermentabiliy, with an adequate level of FAN to support yeast growth and fermentation.
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This is achieved by a careful choice of enzymes and temperature programmes. For
example, the grits suspension is adjusted to pH6, and a calcium salt is added at 50°C
(122 °F; Lisbjerg and Nielsen, 1991), followed by an addition of a thermostable bacterial
a-amylase. The mash is heated to 76 °C (168.8 °F) then, after a 15 min. rest, is heated to
boiling and is boiled for 30 min. It is then cooled to 52 °C (125.6 °F) by adding cold water.
Then preparations of a protease and a saccharogenic fungal amylase are added. Following
a 60 min. rest the pH is adjusted to 5.5, then the temperature is raised to 60 °C (140 °F)
and this is held for 60 min. Finally, after increasing the temperature to 78 °C (172.4 °F)
and a 10 min. hold, the mash is filtered. Such worts, if no sorghum malt has been used,
are deficient in assimilable nitrogen and minerals and so need to be supplemented with
‘yeast foods’ or autolysed yeast and perhaps mineral salts, including zinc, to achieve
good fermentations.

In the 1970s efforts were made to use increasing amounts of raw barley as an adjunct.
Moderate amounts of various barley adjuncts are still used, but the use of 70%, or more,
raw grain mashes (with attempts to use 100%), has been discontinued. The problems
encountered in developing ‘barley brewing’ can be summarized as difficulties in milling,
inadequate extract recoveries, poorly fermentable worts, insufficient levels of assimilable
nitrogen, poor foaming characteristics of the final beers, problems due to high levels of 3-
glucans (slow wort separation, viscous worts, slow beer filtration, hazes and gel
formation), higher wort pH values, lack of the correct beer characters and colours and the
need for microbial enzymes and excessively long mashing times. On the other hand hop
utilization increased when the worts were boiled and the beers were more resistant to
haze formation. The barley had to be carefully screened and cleaned (and sometimes
washed), and preferably had a low nitrogen content. Some varieties were preferable to
others but inexpensive feed-grade grain might be used. In general the use of up to 50%
barley in grists was regarded as successful, but the use of larger proportions seemed to
increase the problems unduly. Wet milling was widely employed but dry milling of
moisture conditioned grain and other methods were used (Wieg, 1987; Allen, 1987;
Button and Palmer, 1974; Brenner, 1972).

Various enzyme mixtures were employed. The a-amylase, 5-glucanase and protease
mixture from Bacillus subtilis was widely used. Wort fermentabilities were adjusted with
additions of fungal saccharogenic amylase, pullulanase or amyloglucosidase or the use of
higher proportions of pale, enzymic malts. Since that time other useful enzymes have
become available. A successful mashing schedule, using 70% raw barley and additions of
bacterial enzymes, involved wet milling and adding enzymes at mashing-in, which was at
room temperature. Then the temperature was increased to 50 °C (122 °F). This was held
for 60 min. Further increases were followed by rests at 63 °C (145.4 °F)/75 min., 65°C
(149 °F)/40 min., 68°C (154.4°F)/20min. and then, after heating to 75°C (167°F)
transferring to the lauter tun (Button and Palmer, 1974). The duration of this process was
about five hours, which is too long to be economic for many breweries.

4.3.4 The influences of mashing temperatures and times on wort quality

A knowledge of the influences of mashing temperatures and times is essential to allow
the logical choice of mashing conditions. The results of studies, made over many years,
do not agree exactly. This is to be expected since different malts, grinds and thicknesses
of the mashes were used. This section concentrates on all-malt mashes. Relative to
laboratory mashes, brewery mashes are more concentrated (have a lower liquid/grist
ratio), they are made with different degrees of milling, with salts in the brewing liquor
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and sometimes with pH adjustments. Under brewhouse conditions many key enzymes
remain active for much longer than expected from laboratory studies. Some enzyme
inhibition can occur through product inhibition and a limiting supply of ‘free’ water (see
next section). The simplest mashes are isothermal, and these are considered first. In
production mashing, temperatures are often adjusted to allow temperature-sensitive
enzymes to act before the temperature is increased to destructive levels. Temperature
adjustments may be achieved by direct steam injection, underletting, decoctions, direct
heating through the walls of the vessel, or the addition of hot water. At the end of the
process, during wort recovery, the temperature is increased by the hot sparge liquor.

Increasing the mash temperature increases the rate of chemical and enzyme catalysed
reactions, accelerates the rates of denaturation and precipitation of proteins (including the
inactivation of enzymes), accelerates dissolution and diffusion processes, accelerates
mixing and, at least above a certain temperature, causes the gelatinization of starches and
(at least during decoctions and adjunct boiling) disrupts the cellular structure of
unmodified cereal endosperm tissues. Mixtures of enzymes are active in mashing and
these have a range of widely different temperature sensitivities. Enzyme activities decline
as mashing proceeds, and so the temperature ‘optima’ occur at lower temperatures as
mashing proceeds (Fig. 4.1). Figures 4.7 and 4.8 illustrate that the optimum temperature
for the production of permanently soluble nitrogen, which is dependent on a mixture of
enzymes, alters with the pH. Some of the substances extracted during mashing are
preformed in the malt. These may or may not be altered as mashing proceeds and they are
joined by materials solubilized by enzyme-catalysed hydrolytic reactions. Some estimates
of temperature optima are shown in Table 4.4.
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nitrogen formation (data of Windisch and Kolbach; after Moll et al., 1974).

Table 4.4 Temperature optima for some mash processes, carried out for 2-3 h. Data from various
sources (Briggs et al., 1981; Hind, 1950; Hopkins and Krause, 1947). The values can be
substantially different under different mashing conditions

Process °C °F
Highest extract (mainly starch conversion) 65-68 149-154.4
Fastest saccharification (dextrinization) 70 158
Highest yield of reducing sugars 60-63 140-145.4
Highest yield of fermentable extract 65 149
Highest percentage fermentability (%) 63 145.4

Highest yield of permanently soluble nitrogen
(Mash times 1-3 h. Higher temp. optima for

more concentrated mashes) 50-55(60) 122-131 (140)
Highest yield of formol-nitrogen 50-55 122-131
Highest PSN minus formol-N 55-60 131-140
Highest yield of ‘acid buffers’ 45-55 113-131
Maximum activity of a-amylase 70 158
Maximum activity of S-amylase 60 140
Maximum activity of 3-glucanase 40 104
Maximum activity of phytase 50-60 122-140

As noted previously, these optima are not true ‘constants’. At mashing temperatures
the survival and activity of the proteolytic system of enzymes is extremely dependent on
mash thickness. a-Amylase is less stable and both F-amylase and limit dextrinase are
more stable than might be predicted from their behaviours in pure solutions. Most of the
extract formed during mashing comes from the conversion of starch to a mixture of
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Fig. 4.9 The interrelationships between the yields of extract, the mashing duration and the
mashing temperature (after Schur et al., 1975).

soluble sugars, oligosaccharides and dextrins. It is not true that starch can be converted
only at or above its gelatinization temperature, although this occurs most rapidly after the
granules have been disrupted. It has been known for many years that in mashes made at
55°C (131 °F) over 90% of the potential extract can be recovered in two hours, although
this temperature is well below the gelatinization temperature of barley starch (Table 2.3).
Even at lower temperatures some starch conversion occurs, so malt enzymes can slowly
degrade malt-starch granules (Fig. 4.9). When the time-courses of extract and
permanently soluble nitrogen formation are followed it is seen that in a mash made at
65.5°C (150°F) the extract rises rapidly at first and most of the extract has been
recovered in one hour but, in this instance, the maximum is not recovered until after
1.5—2h. (Table 4.5). This limit is set by the nearly complete solubilization of the starch.
In contrast the extract of the 49 °C (120.2 °F) mash is still rising after three hours, and
extract recovery is not nearly complete. The amount of nitrogen solubilized during
mashing never approaches all the nitrogenous substances in the malt, so the halt in the
rise in PSN in the 65.5 °C mash after about two hours is due to enzyme inactivation. In the
49°C mash the PSN is still increasing after three hours, and the value exceeds that
achieved at 65.5 °C, proving that a depletion of initially insoluble nitrogenous materials is
not limiting. Even in three hours at 49 °C less that 40% of the total nitrogen has been

Table 4.5 Changes in yields with time of extract and permanently soluble nitrogen (PSN) in
mashes made at two different temperatures (data of H. T. Brown, via Hind, 1950)

Time (min.) 15 30 60 90 120 180
Mash at 49°C (120 °F)

Extract (%) 20.3 24.8 28.2 30.3 34.0 37.1

PSN (% TN) 24.6 28.0 32.2 34.6 36.5 39.0
Mash at 65.5°C (150°F)

Extract (%) 63.4 67.1 69.4 69.7 69.7 69.0

PSN (% TN) 27.7 30.7 329 33.7 34.6 34.6
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Table 4.6 Extracts and fermentable extracts obtained in isothermal mashes during different
incubation periods. (Data of Windisch, Kolbach und Schild, via Hopkins and Krause, 1947)

Mashing period (min.) 15 30 60 120 180
60°C (140°F)
Extract (%) 50.2 53.4 57.2 60.7 62.2
Fermentable extract (%) 36.0 39.0 43.1 479 50.2
65°C (149 °F)
Extract (%) 60.6 62.2 62.8 63.6 63.6
Fermentable extract (%) 44.2 46.6 48.5 50.7 51.7
70°C (158 °F)
Extract (%) 61.2 62.5 62.9 63.4 63.6
Fermentable extract (%) 40.9 42.0 41.6 422 42.7

brought into solution. However, extract recoveries can be nearly complete at
temperatures as high as 80°C (176°F), but fermentability may be as low as 30%,
compared to 70%, or more, in worts from mashes made at 65°C (149 °F) (Fig. 4.13 on
page 117; Muller, 1991).

At 80°C (176°F) sufficient a-amylase remains for starch liquefaction and partial
dextrinization to occur while S-amylase and other heat labile enzymes are so rapidly
destroyed that little saccharification can take place. In Table 4.6 the maximum extract
recovery was nearly achieved in three hours, mashing at 60 °C (140 °F) and was achieved
in about two and a half hours at 65 and 70°C (149 and 158 °F). On the other hand the
fermentable extract was still rising after three hours in the lowest temperature mash, was
rising more slowly in the 65°C (149 °F) after three hours, but had stopped increasing
between one and two hours in the mash made at the highest temperature. Thus mash
temperatures must be very carefully controlled if worts of one quality are to be produced.
When the extract yields of isothermal mashes, made at temperatures between 0 °C (32 °F)
and 80°C (176 °F), are compared it is seen that the extracts increase relatively little with
increasing temperature until 45—50°C (113—122°F) is reached. Then extracts rise
sharply with increasing temperature up to about 55—60°C (131—140 °F), then the rate of
increase falls sharply and the maximum is achieved at 62—66°C (143.6—150.8 °F). At
higher temperatures there is a slow decline in extract recovery, at least up to 80°C
(176 °F; Windisch et al., 1932). The relationship between extract yield and a more narrow
temperature range for different times is shown in Fig. 4.9. By using different series of
increasing temperatures, in temperature-programmed mashes, wort composition can be
adjusted to a useful extent, for example, to produce beers with different alcohol contents.

Mashing for extended periods at low temperatures favours the formation of soluble
nitrogen, the optimum temperature depending on the time (Fig. 4.7). Carbohydrates are
the main contributors to extract. The formation of the major groups of carbohydrates
during a temperature-programmed mash are illustrated in Fig. 4.10 (Enevoldsen, 1974).
Notice that starch hydrolysis must have begun before the temperature reached 63 °C
(149°F). The ‘rest’ temperatures used in mashing are chosen with reference to the
temperature optima of key groups of enzyme-catalysed reactions. The low-temperature
rests at about 45—50°C (113—122°F) are needed with undermodified malts when the
breakdown of proteins and [-glucans is to be encouraged. The rests at about 65°C
(149 °F) are to maximize starch conversion and production of fermentable sugars. The
fermentable group of sugars includes glucose (4.1), fructose (4.2), sucrose (4.3) and
maltotriose (4.5), but the major component is maltose (4.4). The non-fermentable
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Fig. 4.10 Changes in the yield of total extract (TE), the yield of total carbohydrate (TC), the
fermentable sugars (FS) and the unfermentable dextrins (D) during a temperature-programmed
mash (after Enevoldsen, 1974).

carbohydrate fraction is chiefly a complex mixture of dextrins. Mannose (4.8) and
galactose (4.9) are not released into solution. The extract increases at 52 °C (125.6 °F) but
increases much more rapidly as the temperature increases to 63 °C (145.4 °F) and is held
at this temperature. It continues to increase slightly up to the final temperature of 78 °C
(172.4°F) (Fig. 4.10).

The changes that occur in yields of soluble nitrogen during temperature-programmed
mashing are illustrated in Fig. 4.11. In the mash made at 35 °C (95 °F) the highest level of
TSN was achieved after about 100 min., then as the temperature continued to increase the
level fell, due to the denaturation and precipitation of solubilized proteins. Beginning the
programme at a higher temperature, 50 °C (122 °F) yielded the same final amount of TSN
at the end of the mash, but mashing in at 65 °C (149 °F) reduced the final amount of TSN
significantly. The amounts of amino nitrogen formed fell as the mashing in temperature
increased, so the mixture of nitrogenous substances in solution was altered by changes in
the mashing regime. This result is due to the different temperature sensitivities of the
enzymes involved. Prolonged mashing regimes are usually needed when under-modified
malts are used, and the advantage in terms of yield of TSN is also shown in Fig. 4.11.

The production of amino acids (measured by two methods) during a different
temperature-programmed mash is shown in Fig. 4.12. It was long believed that
proteolysis in mashing ceased at temperatures above about 60 °C (140 °F). This is not so.
Proteolysis is most rapid at lower, ‘conventional’ protein rest temperatures, but it does
not cease immediately the temperature rises. At these lower temperatures phytase and (-
glucanase also continue to act. By mashing a malt in different ways worts with different
qualities are produced (Table 4.7). By encouraging proteolysis the colours of worts are
increased, probably because the elevated levels of nitrogen-containing substances favour
melanoidin formation during the copper boil. More complete proteolysis reduces the
amount of break formed and this enhances the hop utilization, since less of the bitter
substances are deposited with the coagulated protein (trub). Less trub (sludge) is formed



110 Brewing: science and practice

850 — (a)
800
T
g 750
>
©
S 700
(@)
8
S 650
(@)
E
=z
Z 600
—
550 £
500 L & ‘ : ‘
0 60 120 180
Time (min.)
75°C
167°F
200 - 35°C
3
£
>
2 190 o
5 50°C
(@]
8 180
—
ks)
£
Z 170 |-
o
£
£
<
5 160 [ 65°C
150 |-
\ | | |
0 60 120 180

Time (min.)

Fig. 4.11 Increases in the levels of the (a) total soluble nitrogen and (b) the c-amino nitrogen

during temperature-programmed mashing. The different mashes were started at the temperatures

shown and then the programme was completed (after Narziss, 1977). The discontinuous line in (a)
shows the results obtained with a different, undermodified malt.

in worts from decoction mashes, probably because some of the protein has been
denatured and precipitated in the boiled parts of the goods.

4.3.5 Non-malt enzymes in mashing

The mainly microbial, non-malt enzymes used in brewing are indicated in Chapter 2. In
this section only the addition of enzymes to mashes is considered. Because of the absence
of agreed methods of assay and the presence of ‘extra’ unspecified and/or unquantified
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Fig. 4.12 The formation of amino acids during a temperature-programmed mash (after Enari,
1974). The ‘amino acids’ were estimated in two different ways, which gave discordant results.
Although amino acid liberation proceeded fastest at low temperatures it was still going on at the end
of the mash at the highest temperature. (FAA, free amino acids; TCA sol-a-NH,, amino groups
soluble in trichloroacetic acid.)

enzymes in enzyme preparations it is essential that brewers test each preparation on the
laboratory and pilot-plant scales before introducing it into the brewhouse. The dose-rate
is critical for achieving a particular result, and this must be financially worthwhile.
Difficulties arise when a preparation that has been correctly standardized on one enzyme
activity is used but the activity of an important ‘secondary’ enzyme differs between
batches or declines at a different rate during storage. It is possible to store particular
preparations at ‘room temperature’ for some months but in principle, all enzyme
preparations should be stored cold to minimize rates of deterioration. The use of added
enzymes when mashing adjuncts has been considered and in the cases of barley- and
grits-mashing there is a need for enzymes to cause starch liquefaction and
saccharification, 3-glucan degradation and protein hydrolysis. The raw barley contains
bound and soluble S-amylase, the bound form of which may, at least experimentally, be
partly activated and solubilized by additions of the amino acid cysteine hydrochloride, or
other thiol-containing substances or sulphite, making this enzyme more useful in
mashing. Raw barley contains proteins which can inhibit some microbial proteases. The
difficulty in obtaining sufficient assimilable nitrogen from barley- and grits-mashes
underlines the absence of inexpensive peptidase preparations suitable for use in mashing.

Enzymes may be added to mashes to speed starch conversion, to degrade 3-glucans, or
to accelerate wort run-off. Various enzymes are adequately active at mash pHs but these
often do not coincide with the pH optima of the enzymes. Usually the mash pH is adjusted
only once at the onset of mashing. The exception is when grits are being cooked the pH is
adjusted to 6 to allow a heat-stable bacterial a-amylase to act. Afterwards the pH must be



Table 4.7 A comparison of worts made in a Bavarian brewery, with an undermodified, 1931 malt (u) and a well-modified, 1932 malt (m) using four different
mashing programmes (data of Liiers et al., 1934). Pi, inorganic phosphate as % of the total in the malt. TSN, total soluble nitrogen, and amino-nitrogen as % of dry
extract. In all heating periods, including decoctions, there were rests at 50 °C (122 °F), and 65-68°C (149—154.4 °F). Worts were collected at 76 °C (168.8 °F)

Wort Wort
Extract attenuation viscosity TSN Amino-N Pi Sludge
(% dm) (% dm) (%) (relative) (% dry extr.) (% dry extr.) (%, total) (kg dry)
Malt modification u m u m u m u m u m m u m

Two-mash process. Mash in at 50°C
(122 °F). Decoctions to 67 °C (152.5°F)
and then 76 °C (169 °F) 775 788 662  65.6 1.79  1.80 087 0.85 029 0.26 83.5 11.5 13.6

Three-mash process. Mash in at 35.5°C
(96 °F). Decoctions to 50°C (122 °F),
65°C (149°F) and 76 °C (169 °C). 783 793 634 645 .71 1.79 093 0.89 031 0.29 86.4 136 99

‘High-quick mash process’. Mash in
at 68 °C (154.5 °F), then raise to 76 °C
(169 °F). 762  78.4 674 675 176~ 1.79 092 0.78 025 0.21 79.4 26.7 175

Temperature-programmed, infusion-mash.

Mashed in at 35°C (95 °F). Heat with

steam-coils, with rests at 50 °C (122 °F),

67°C (152.5°F) and 76°C (169 °F). 782 788 66.8  66.5 1.68 1.70 094 0.86 028 0.27 86.4 269 22.8
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readjusted downwards to about 5.5 before adding to the malt mash or saccharifying with a
fungal saccharogenic amylase or (-amylase, with or without pullulanase. The low
temperature stabilities of these enzymes is inconvenient and may necessitate cooling the
mash to about 50—55°C (122—131°F) to allow them to act to an adequate extent. The
choice of which bacterial a-amylase to use is largely dictated by their stabilities. The
Bacillus subtilis enzyme works well at 70 °C (158 °F) and the more stable enzyme from the
B. subtilis var. amyloliquefaciens, is useful in cookers. It is inactivated on boiling, and this
is an advantage. If a more stable enzyme, from B. licheniformis, is used it must be under
conditions that ensure its inactivation during the copper boil or the composition of the wort
and beer will drift with time as degradation of the residual dextrins continues. The addition
of uneconomically large amounts of a mixture of bacterial a-amylase and [(-glucanase
(specific for mixed-link (-glucans) can increase the laboratory extract of a sound malt
obtained with an extended mashing schedule, e.g., from 308 to about 313 1°kg (Albini et
al., 1987). The major use of these preparations is to offset the deficiencies of under-
modified malts and the presence of barley adjuncts. Most preparations also contain
proteases which, while they can usefully increase the level of soluble nitrogen in the wort,
can reduce the head formation and stability in the final beer.

In modern breweries with very short ‘turn-round times’ it is essential that wort
separation occurs rapidly. Slow wort separation may be associated with using poor or
inhomogeneous malt. Of the various enzymes tested the preparations of the relatively
heat-stable cellulases, e.g., from Trichoderma viride (50—55°C; 122—131°F), Penicil-
lium funiculosum (65 °C; 149 °F) and P. emersonii (80 °C; 176 °F) seem to be successful in
accelerating wort separation. These preparations contain complex mixtures of enzymes
that attack mixed-link glucans and holocellulose (polysaccharides insoluble in hot
sodium hydroxide solution) and may also have pentosanase activity. These preparations
sometimes improve extract recovery. In mashes containing a wheat adjunct it may be
necessary to supplement the mash with a mixture of cellulase and pentosanase
preparations to achieve a sufficiently fast wort separation.

4.3.6 Mashing liquor and mash pH

Mashing liquor must be free of taints, and must be potable. In addition it must be free of
many substances and organisms which might reduce beer quality. The quality of the
water received must be checked regularly, whatever the source and, if necessary, it must
be treated to convert it to the proper quality for the beers to be brewed. For mashing and
beer dilution liquors oxygen may have been removed and dilution liquors may have been
charged with carbon dioxide, with or without nitrogen (Chapter 3). The ratio of
temporary to permanent hardness, the total amount of hardness and the amounts of ions
that may influence flavour must be regulated (Narziss, 1992a; MacWilliam, 1975; Taylor,
1981). Interactions between calcium (and to a lesser extent magnesium) ions and wort
components have an important effect on mash and wort pH values. Thus bicarbonate ions
effectively remove hydrogen ions and so, indirectly, raise the pH:

HCO;™ + Ht — H,CO; — CO; T +H,0

Calcium ions (and magnesium ions to a lesser extent) interact with mash components
such as inorganic phosphate, phytic acid and less phosphorylated inositol phosphates,
peptides, proteins and probably with other substances displacing hydrogen ions into the
mash and reducing the pH. For example,
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3Ca’t + 2HPO,* — 2H" + Ca;(POy), |

The calcium phosphate tends to precipitate and precipitates more rapidly from wort at
higher temperatures. Thus the pH of mashes decline faster during decoction mashing and
later the pH of the wort declines further during the hop-boil. Of the calcium ions added to
a mash 40—60% are retained in the spent grains.

A major difficulty follows from the habit of measuring the pH of worts or mashes at
room temperature and assuming that these values apply at higher temperatures, when they
do not (Hopkins and Krause, 1947). Weak acids, like water (see Appendix), dissociate
more as the temperature rises and so the pH values of their solutions fall, like the pH
values of mashes (Table 4.8). Thus at 65 °C (149 °F) the pH of a wort is likely to be about
0.35 pH unit lower than at room temperature and 0.45 lower at 78 °C (172.4°F). As the
temperature of a mash changes (decoctions, temperature programming, sparging) so will
the pH. These differences are significant, yet in many reports it is unclear if pH values
have been determined at wort- or mash-temperatures or on cooled samples. Probably the
latter is most usual. The pH optimum of a-amylase, determined at room temperature, is
about pH 5.3, but its optimum estimated from mashing experiments is often reported to be
about 5.7. This error is due to the pH having been determined on the mash after it was
cooled, when the pH had risen. Because of this difficulty the pH optima of changes
occurring in mashes are a little uncertain (Table 4.9).

Mashing pale malt in distilled water usually gives a wort with a pH of about 5.8—6.0,
this value being maintained by the buffer substances (including phosphates and proteins)

Table 4.8 Changes in the pH values of two mashes, made with distilled water and moderately
carbonated water, measured at the temperatures shown (after Hopkins and Krause, 1947)

Temperature of measurements pH values of the mashes
(°C) (°F) (Distilled water) (Carbonated water)
18 64.4 5.84 6.03
35 95 5.70 5.90
52 125.6 5.65 5.80
65 149 5.50 5.70
78 172.4 5.40 5.55

Table 4.9 ‘Optimal’ pH values for ‘normal’ isothermal infusion mashes made with pale malts
lasting 1-2h. at 65.5°C (150 °F). Data from various sources. As far as possible the temperatures
(mash temperature, m , and cooled wort, w), at which the pH values were determined are indicated
(see text for a warning)

Characteristic ‘Optimal’ pH
Shortest saccharification (dextrinization) time 53m-5.7 w
Greatest extract obtained 5.2-5.4m?

Greatest extract from a decoction mash 53m-5.6m?

The most fermentable wort 5.1-5.3m?; 5.4-5.6 w?
Mash impossible to filter <4.7

a-Amylase most active (+ Ca®") 53m-5.7w
(-Amylase most active 5.1-5.3(4.7?)
Maximum yield of PSN 44-4.6m; 49-5.1w
Maximum yield of formol-N 44-4.6m, 49-52w
Maximum protease activity (depends on substrate) 4.3m; 4.6-5.0m?
Maximum phytase activity about 5.2m

Carboxypeptidase activity maximal 4.8-5.7
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from the grist. Infusion mashes are best carried out at pH 5.2—5.4 (mash temperature),
and so will give cooled worts with pH values of about 5.5—5.8. It has been recommended
that decoction mashes should not give worts with pH values less than 5.5. Lowering the
pH too much results in increases in the soluble nitrogenous materials but lengthens the
saccharification time and lowers the yield of extract. Lowering the pH to the correct
extent, by additions of calcium salts or other means, speeds the rate of starch degradation,
enhances the activities of other carbohydrases and the proteolytic mixture of enzymes so
that TSN and FAN values are increased and wort colour is reduced. The solubility
characteristics of some proteins are altered, the buffering power of the wort is increased
and, at later stages of brewing, hop utilization is decreased. Conversely the increase in pH
caused by mashing with waters rich in bicarbonate ions is generally undesirable (Table
4.10). The pH values of mashes are conveniently lowered by mashing with ‘permanently
hard’ water, either natural or that has been ‘Burtonized’ by additions of calcium sulphate
and/or calcium chloride (Tables 4.11, 4.12). Often about 100 mg of calcium is added to
each litre of liquor. However, other means may be adopted such as the direct addition of
sulphuric, phosphoric or lactic acids (where this is permitted) or by the use of lactic acid
malts or acidified worts.

Table 4.10 The effects of water hardness on the pH values of the cold water extracts and cooled
worts prepared by decoction mashing (after Hopkins and Krause, 1947)

Nature of water used pH of CWE or wort
Distilled water; cold water extract (CWE) 6.2-6.3

Wort, water with temporary hardness (about 15 grains CaCOs/gal.,

214 mg/litre) 5.89

Wort, distilled water 5.76

Wort, water with permanent hardness (about 4 grains CaSO,4/gal.,

57 mg/litre) 5.65

Table 4.11 The amounts of salts (shown in the anhydrous forms) added to some British brewing
liquors (Comrie, 1967). Larger amounts of calcium salts may be added to offset the presence of
bicarbonate ions. The amounts are varied to allow for alterations in mash thickness and to achieve
the desired final flavours. (1 grain/imperial gallon (UK) = 14.21 mg/litre)

Pale ales Mild ales Stouts
Salts grains/gal mg/l grains/gal mg/l grains/gal mg/l
CaSOy 15.7-31.5 223-448 5-10 71-142 none none
CaCl, 6.9-13.7 98-195 7-14 99-199 5.5-11 78-156
MgSO, 2.5 36 2.5 36 2.5 36
NaCl 2.5-5.0 36-71 5-10 71-142 7-12 99-171

Table 4.12 The effects of calcium ions, added as calcium chloride, on the pH, extract and soluble
nitrogen fractions given by mashes made with one malt at 65°C (149 °F; Taylor, 1981)

AddedCa*" pH Extract TSN FAN
(mg/litre) (litre®/kg) (ppm) (ppm)
0 5.74 287 904 188
100 5.48 291 973 195
200 5.39 292 983 207
300 5.28 292 1062 220

The pH values were measured at room temperature. TSN and FAN were adjusted to a wort concentration of SG
1040.
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Table 4.13  Some of the influences of adding gypsum (calcium sulphate, CaSO,4.2H,0. This contains
23.28% Ca, by weight) to the liquor when mashing malt (data of Hind, via Briggs et al., 1981)

Gypsum added Extract (1°kg) Unboiled wort Boiled wort
(mg/litre liquor) (Apparent) (Corrected Ash Phosphates Phosphate
for ash (mg/100 ml) as P,Os as P,Os
content) (mg/100 ml) (mg/100 ml)
0 296.7 286.4 138 70 68
380 300.5 289.3 148 63 59
760 302.9 290.4 167 56 54
1140 305.7 290.6 197 54 50

Additions of calcium ions to the mash reduce the quantities of phosphates in solution
but apparently not to undesirable extents (Table 4.13). In addition to the advantages
achieved by favourable pH adjustments the calcium ions stabilize a-amylase during
mashing, accelerate wort separation and run-off from the mash, assist in break formation
in the hop-boil and the beer clarifies better, yeast flocculation is favoured and calcium
oxalate crystals (which can be deposited on the walls of fermenters as ‘beer stone’) are
precipitated and so the potentially toxic oxalic acid (4.151) does not go forward. In the
beer the calcium oxalate may give rise to haze or initiate gushing. Where the
Reinheitsgebot and similar laws operate, the addition of ‘chemicals’ is not permitted and
with some beers (e.g. Pilsen-style lagers) the brewing liquor must be soft. In these cases
the adjustment of mash pH values is achieved by the use of biologically prepared lactic
acid introduced into the mash either as acid malt or as acidified wort. Acid malts are
prepared in various ways (Briggs, 1998), and carry 1—-5% (typically 2%) lactic acid and,
on being mashed alone, give a wort with a pH in the range 3.8—4.4. The pKa of lactic
acid is 3.86 at 25 °C. Usual additions are about 5% of the grist but larger quantities may
be used. Some beers derive part of their character from the lactic acid they contain. An
alternative is to acidify unhopped first wort by incubating it with thermophilic lactic acid
bacteria (Lactobacillus delbriickii, L. amylolyticus) at 45—47°C (113—116.6°F) for
8—71h (Oliver-Daumen, 1988). Batch, semi-continuous and continuous acidification
plants are available, the batch type being the most common. It is possible to calculate the
amount of acid needing to be added to achieve a desired reduction in pH.

During lautering (wort collection) buffers are washed out of the mash and there is a
tendency for the pH to rise, particularly if bicarbonate is present in the hot (e.g.
75—80°C; 167—176 °F) sparge liquor. This is highly undesirable as at the higher pH
unwanted polyphenols and flavour substances are leached from the goods. This may
make it necessary to treat the weaker last runnings with active charcoal (to remove
unwanted substances), before they are added back to a subsequent mash or are transferred
to the copper to be boiled. It is preferable to make sure that any rise in pH during sparging
is minimal by excluding the use of water containing bicarbonates and by ensuring that
adequate levels of calcium ions are present.

4.3.7 Mash thickness, extract yield and wort quality

Changes in mash thickness (liquor/grist ratio) have significant effects on mash
performance (Hind, 1950; Hopkins and Krause, 1947; Harris and MacWilliam, 1961;
Muller, 1989; 1991; Table 4.14). Very concentrated mashes, (liquor/grist < 2:1 ml/g), are
difficult to mix and pump, extract recoveries are reduced, starch conversion is slowed
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Table 4.14 The influence of mash concentration on worts from mashes made at 60 °C (140 °F),
with a duration of 180 min. (Data of Windisch, Kolbach and Schild, via Hopkins and Krause, 1947)

Concentration of mash (water:malt) 2:1 2.7:1 4.0:1 5.3:1
Extract (% dry malt) 71.7 77.0 80.0 79.9
Fermentable extract (% dry malt) 523 56.3 58.5 57.8
Fermentable extract (% total extract) 72.9 73.1 73.1 72.3
Permanently soluble nitrogen (% dry malt) 0.57 0.56 0.54 0.53
Formol nitrogen (% dry malt) 0.22 0.21 0.20 0.19

down, worts are more concentrated and viscous, TSN and FAN are increased and more
high molecular weight nitrogenous substances remain in solution, but a lower proportion
of hydrophobic peptides (relative to the amount of extract) are present, causing ‘high
gravity’ beers to have poor head retentions (Bryce et al, 1997). In the concentrated
mashes both the enzymes and their substrates are more concentrated. Some enzymes
(proteolytic enzymes, disaccharidases) are more stable in concentrated mashes producing
higher proportions of TSN and hexose sugars respectively. At high mashing temperatures
thicker mashes give worts with higher fermentabilities (Muller, 1991; Fig. 4.13). On the
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Fig. 4.13 The influences of mash thickness and mash temperature, during 1 h. isothermal
mashing, on (upper) the yield of carbohydrate in the wort, (middle) the fermentability of the wort
and (lower) the starch present in the wort (after Muller, 1991).
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Fig. 4.14 The effects of mash thickness on the extract recoveries from mashes made with all-malt
or 50:50 mixtures of malt and the adjuncts indicated (data of Muller, 1991).

other hand, at ‘normal’ mashing temperatures weaker mashes give more fermentable
worts. The high concentrations of sugars and dextrins present in thick mashes can inhibit
the amylases. Enzyme inhibition is due to the reduced availability of free water as well as
to the sugars acting as competitive inhibitors. Brewery worts contain 0—40% more
soluble nitrogen than laboratory analytical worts. It was reported that mashes made with
39% solids give worts with maximum extract yields while worts with the highest
fermentabilities are given by mashes made with 16—32% solids. The effects of mash
concentration on extract yield are also present when adjuncts are included in the mash
(Harris and MacWilliam, 1961; Muller, 1991; Fig. 4.14).

As the grist hydrates water is bound, and there is a rise in temperature caused by the
release of heat (the ‘heat of hydration’). As the mash proceeds water is utilized in
hydrolyses, a water molecule being consumed when any bond is split. Some water is
more or less firmly bound (by hydrogen bonding) to starch, to sugars in solution, to (-
glucans, to pentosans and to other substances reducing the concentration of ‘free’ water.
In all-malt mashes and mashes made with 50:50 malt and barley or wheat starch the
extract recovered falls very sharply as the liquor/grist ratio is reduced below about 2.5
(Fig. 4.14). Generally, altering the liquor/grist ratio at values over 3 has comparatively
minor effects, but these are not necessarily negligible. In a particular case mashing with a
liquor/grist ratio of 2.5 : 1 gave an extract of 291 1°/kg, while at a ratio of 7: 1 the extract
was 311 1°/kg. The extent of water binding becomes progressively greater as mashes
become more concentrated and there is insufficient free water to permit the gelatinization
of much of the starch. The addition of more enzymes to a very thick mash does not
quickly convert the ungelatinized starch and so does not enhance the extract obtained.
The situation with the maize starch (Fig. 4.14) is complicated because its gelatinization
temperature (70—75°C; 158—167°F) is above that of the mashing temperature (65 °C;
149 °F) and so the conversion of the starch into extract is relatively slow. The potato
starch had a wide gelatinization temperature range (56—69 °C; 132.8—156.2 °F), which
spanned the temperature of the mash, and the pattern of extract recovery was different
again (Fig. 4.14).
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4.3.8 Wort separation and sparging

At the end of the mash the wort is separated from the residual solids. This may be a rapid
process, as in mash filters, or it may take 1.5—2.5h in some lauter tuns or 4—18 h in mash
tuns. An extended run-off period allows residual enzymes to continue acting for at least
part of the time. When a mash tun or lauter tun is used, the first wort to emerge is diluted
with the water that was originally under the plates. The first runnings are generally
returned to the top of the mash and the wort is recycled until it is completely clear and
‘runs bright’. Then wort collection begins, the strong wort emerges and gradually the
mash settles onto the plates. Sparging is started and the liquor, sprayed onto the surface
from rotating sparge-arms, permeates down through the goods, progressively leaching out
and carrying away the remaining extract. In mash tuns this raises the temperature, so the
temperature of the final wort is about 74 °C (165 °F). In contrast, in two- and three-vessel
mashing systems the temperature of the whole mash is usually raised to the sparging
temperature and after wort recirculation (if this is used), the first wort is collected and the
sparge liquor is applied at the same temperature (e.g. 75—78°C; 167—172.4°F).

Although sparging temperatures of up to 80°C (176 °F) may be used, and the use of
even higher temperatures has been proposed, these are usually avoided because
undesirable flavours and unwanted substances, such as undegraded starch and
hemicelluloses, may be eluted from the goods. This is particularly likely if under-
modified malt or raw cereal adjuncts have been used. At these elevated temperatures
enzyme destruction is rapid, the rates of diffusion of extract materials from the grist
particles is rapid, the rate of wort separation (‘filtration’) occurs faster, more protein
aggregation occurs and wort viscosity is reduced.

As run off progresses the quality and concentration of the wort declines. The last
runnings contain extract that has a comparatively poor quality (Hind, 1950; Figs 4.15,
4.16). Relative to the extract more high- and low-molecular weight nitrogenous materials,
ash (including phosphates), silicates (mostly from the silica in the malt husk),
polyphenols and astringent substances are dissolved, all these being favoured by the
increasing pH. The specific gravity of the wort rises then declines as the sparge liquor
emerges. As the wort is diluted the fermentability initially increases and finally falls
sharply. Often the pH rises, (e.g. by 0.2—0.7), as the buffering substances are eluted from
the goods. The rise is particularly marked if a bicarbonate sparge liquor is used. This rise
is undesirable and should be checked and the calcium ion concentration of the liquor
should be maintained (Laing and Taylor, 1984). Experimental thick mashes (liquor/grist
2.5/1, i.e. 28.6%) would not run off unless a high concentration of calcium ions (200 mg/1)
was used. Thus the last worts are weak, and are relatively rich in poorly flavoured
extractives and potential haze-forming substances. These last runnings, like the press
liquor from the spent grains (Chapter 3), may be stored hot for a short period (to prevent
spoilage by micro-organisms) and then be added to a subsequent mash to recover the
extract. However, to maintain the quality of the beer the weak wort may need to be
clarified by centrifugation to remove suspended solids (particularly lipids) and/or may be
treated with active charcoal (doses of 10—50 g/hl have been suggested) to reduce the
levels of tannins, nitrogenous substances, colour and harsh flavours before it is added to a
later mash (Morraye, 1938; Prechtl, 1967).

The faster the wort is run off the higher its content of suspended solids, lipids (which
favour flavour instability, i.e. beer staling), and a-and [-glucans which may give
problems when the beer is filtered (Muts and Pesman, 1986; Whitear et al., 1983). The
lipid contents of strong worts, separated in various devices, were in increasing order mash
tun < lauter tun < Strainmaster < older pattern mash-filter, and were given as 10 < 50
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Fig. 4.15 Changes in the composition of sweet wort during run-off and sparging (after Schild,
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permanently soluble nitrogen; (c) soluble nitrogen not precipitated by phosphotungstic acid; (d)
formol nitrogen; (e) nitrogen not precipitated by tannic acid (see also Fig. 4.16).

<150 <400 (mg/l). Turbid worts should be clarified as soon as possible in the
production process and certainly before they reach the fermentation vessels (Maule,
1986). Recirculation, less usually centrifugation, vigorous boiling and careful solids
separation in the whirlpool may be used. Generally bright worts are desirable and care is
taken to operate equipment in ways that minimize the release of fine particles. For
example raking in the lauter tun is minimized. The Strainmaster lauter unit requires
substantial volumes of water to dislodge the spent grains, so it is particularly important to
recover the extract in this liquid and to reduce the moisture content of the spent goods
(Chapter 3). Poor quality malts may give set mashes (wort separation becomes difficult or
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Fig. 4.16 Alterations in wort pH, phosphate content (as P,Os), ash content and silica content
during wort separation and sparging (after Schild, 1936; see also Fig. 4.15).
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impossible without extra manipulations, such as under-letting) in any equipment except
mash filters.

Rates of wort separation are faster with more coarsely ground grists but with these
extract recoveries are less good than from finely ground grists (Section 6.9). The more a
mash is stirred the more fines are produced, the more oxidations are likely to occur
(including the cross-linking of gel-proteins), but if stirring is inadequate temperature
gradients may occur and mash may settle and burn onto the containing vessel’s heating
surfaces, so there is a critical, ‘compromise’ stirring speed (Laing and Taylor, 1984). The
deeper the mash-bed the slower wort or sparge liquor will flow through it. Progressively
shallower beds and more finely ground grists are used in mash tuns, in lauter tuns and in
mash filters. Run-off is impeded by fine particles in the grist (from the malt, cereal flours
or formed in the mash) and it is favoured by keeping the malt husk as intact as possible to
give the mash bed a more ‘open’ structure. Mashing under nitrogen gas, experimentally
adding bisulphite (which is a reducing agent), adding heat-stable cellulase, maintaining
adequate levels of calcium ions (particularly in thick mashes), using well-modified malt,
experimentally adding cationic poly-electrolyte flocculants (such as boiled or unboiled
lysozymze or partly de-acetylated chitin) and collecting wort at elevated temperatures all
favour rapid wort run-off. Malt may contain endogenous flocculants and others may be
present from the fungi present on the surface of the grains (Anderson, 1993). In contrast,
mashing under air or oxygen gas, experimentally adding the oxidizing agent potassium
bromate, omitting calcium ions and using poorly modified malt, all favour slow wort run-
off (Anderson, 1993; Barrett et al., 1973, 1975; Crabb and Bathgate, 1973; Laing and
Taylor, 1984; Muller, 1995; Muts et al., 1984).

Poorly modified malts are rich in non-starch polysaccharides (NSPs; pentosans and -
glucans) and undegraded proteins which are rich in thiol groups. The oxidation of
cysteine side chains produces disulphide links between protein chains that can produce an
insoluble, jelly-like mass of ‘gel-protein’. Reduction of this material should disperse the
protein gel. An inverse correlation has been established between the gel-protein content
of malt and wort separation rate. The hemicellulosic polysaccharides may also form a gel,
which can be attacked by (-glucanases, and so improve wort separation (Crabb and
Bathgate, 1973). Fine aggregates of protein, small starch granules, cell-wall non-starchy
polysaccharides (NSPs) and lipids can form ‘high flow-resistant’ layers in a mash and
particularly in the poorly permeable gel-like layer (the Oberteig) which forms on the
surface of mashes in lauter tuns. Removal of this layer reduces the pressure differential
across the bed, increases the flow-rate of the wort but reduces extract recovery (Muts and
Pesman, 1986). The composition of this layer is variable; two examples contained,
respectively, 18 and 20% protein and 65 and 79% polysaccharides. The composition of
the small aggregates which form in mashing is also variable; for example, small starch
granules, 4—21%, (-glucan, 3—19%, pentosan, 5—31% and protein 26—42%. In the case
of particles from an all-malt mash, which contained 29% starch, the free lipid content was
5% and the bound lipid was 17% (Barrett et al., 1975). The bound lipid may have been
associated with the starch.

These particles probably contribute to, or constitute, the Oberteig. The formation of
this material is favoured by oxidizing conditions. Small starch granules are often firmly
invested with protein which, when oxidized, presumably firmly binds them into the
particles. During mashing the greater part of the malt is dissolved, and some proteins are
dissolved and, particularly as the temperature rises in temperature-programmed or
decoction mashes, a proportion of the protein is denatured, aggregates and precipitates
(Lewis and Oh, 1985; Biihler ef al.,1996). The finer particles (< 1—150 pum) tend to block
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the pores of the mash and impede run-off, but as the particles aggregate and enlarge so
their obstructive effect becomes less. Larger particles are favoured by cationic flocculants
and (apparently) adequate concentrations of calcium ions. Aggregation is better at higher
temperatures, and so in three mashes that had been not been heated above 65 °C (149 °F)
offered 3, 3 or 3.7 times the specific resistance to the flow of the wort offered by mashes
that had been heated to 80°C (176 °F; Biihler ef al., 1996).

‘Models’ of liquid flow through mashes, for instance based on Poiseuille’s equation,
which relates to flow through parallel capillary tubes, or the Carman-Kozeny equation or
Darcy’s law, that relate to beds of spherical particles, all emphasize that the rate of flow
through a bed of particles is proportional to a constant, the pressure difference across the
bed, the channel radius to the power 4, to the diameter of the particles squared, and
inversely proportional to the depth of the bed and to the viscosity of the liquid (Anderson,
1993; Bathgate,1974; Huite and Westermann,1974; Laing and Taylor, 1984; Meddings
and Potter, 1971; Webster, 1978).

As the temperature is increased so wort viscosity falls to comparatively low levels and
the small particles aggregate and increase in size. Both changes favour faster wort
separation. While the viscosity of wort (caused mainly by dissolved sugars and, to
varying extents, by polysaccharides and perhaps other materials) is not unimportant the
major limitation in wort separation for a bed of a given depth is the ‘average’ particle
diameter, d. Because the flow rate is proportional to d°, as d becomes smaller so the flow
rate rapidly declines (d=1, flow=1; d=0.5, flow=0.25; d=0.1, flow=0.01, etc.).
Determining an ‘average’ diameter, d is impracticable for the particles in a mash, and in
any case it is not the depth of the entire mash but the characteristics and depth of the
surface Oberteig layer that are often limiting. By using a derived formula that relates to
compressible beds it is possible to find bed permeabilities and so test the factors that may
influence them (Laing and Taylor, 1984).

4.4 Mashing biochemistry

4.4.1 Wort carbohydrates
The complex mixture of carbohydrates in wort makes up about 92% of the solids in
solution. The most important sugars and dextrins in wort are made of glucose, which also
occurs free (4.1). Thus maltose (4.4), maltotriose (4.5) maltotetraose (4.6) and
maltopentaose (4.7) are made of D-glucopyranose units joined by a-(1,4) links (Table
4.15). In cellobiose (4.18) and laminaribiose (4.19) the glucose residues are linked by (-
(1,4) and (-(1,3) bonds, respectively. (An introduction to carbohydrate chemistry is
given by Coultate, 2002). The precise composition of the mixture will depend on the
make-up of the grist and the mashing conditions. In some ‘conventional’ sweet worts the
carbohydrate spectra are surprisingly similar, whether or not mash tun adjuncts are used
(MacWilliam, 1968). The exceptions are when mashing is carried out to produce ‘low-
alcohol’ beers or ‘low-carbohydrate’ beers when the conditions are chosen to obtain
poorly fermentable and maximally fermentable worts, respectively (Chapter 15). Wort
fermentability may be increased by adding amyloglucosidase or, preferably, other
microbial enzymes, such as pullulanase and J-amylase or fungal saccharogenic amylase
to the mash and/or to the fermenter.

The conversion of barley into malt involves a considerable loss of potential extract
(Briggs, 1998; Table 4.16). Sugars fermentable by most yeasts are the monosaccharides
glucose (4.1) and fructose (4.2), the disaccharides sucrose (4.3) and maltose (4.4) and the
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Table 4.15 The major wort carbohydrate fractions compared with the ‘potentially extractable’
carbohydrates of malt (data of Hall et al., 1956). The brewery extract of the malt was 102.2 1b/Qr
(about 77.5%; 303.51°kg). The laboratory extract was 104.6 1b/Qr (about 78.9%; 309.11°kg). The
values are given as hexose equivalents, that is, as if each fraction had been fully hydrolysed to yield
its component hexoses, and so the reported weights are greater than the weights of the unhydrolysed
materials. The carbohydrates made up 91.8% of the wort solids

Malt carbohydrates (hexose equivalents as Wort carbohydrates (hexose equivalents as
% total wort solids) % wort solids)

Starch 85.8 Dextrins, glucans and pentosans 222
Glucans and pentosans* 2.5 ?
Fructans 14 ?
- - Maltotetraose 6.1
Maltotriose 0.6 Maltotriose 14.0
Maltose 1.0 Maltose 41.1
Sucrose 5.1 Sucrose 55
Glucose 1.7 Glucose + Fructose 8.9
Fructose 0.7

Total 98.8 97.8

*These ‘gums’ were soluble in water at 40°C (104 °F). The maltose fraction in the wort contained a trace of
unfermentable isomaltose. | Fructans in the wort were included in the other fractions but were certainly present.
Maltotetraose was essentially absent from the malt.

trisaccharide maltotriose (4.5). Typically maltose is the most abundant sugar in wort.
Sugars in a 12% wort, in g/100 ml, were glucose + fructose, 0.9—1.2; sucrose, 0.4—0.5;
maltose, 5.6—5.9; and maltotriose, 1.4—1.7; total 8.3—9.3 (Evans et al., 2002). Some
yeasts only attack maltotriose (4.5) to a limited extent, while other ‘super-attenuating’
strains may also utilize maltotetraose (4.6) and dextrins. The monosaccharides are

Table 4.16 The carbohydrate composition (% dry basis) of Carlsberg barley (TN 1.43%) and a
floor-malt made from it (recalculated from Hall et al, 1956). The supposed ‘structural
carbohydrates’ that are not involved with extract formation have been ignored

Barley Malt
Glucose 0.04 1.31
Fructose 0.07 0.55
Sucrose 0.77 3.73
Maltose 0 0.73
Maltotriose 0 0.42
‘Glucodifructose’ 0.08 0
Raffinose 0.15 0
Fructans 0.58 1.00
Glucans and pentosans* 2.10 2.45
Starch 65.86 58.90
Total 69.65 69.09

* Non-starch polysaccharides soluble in warm water at 40 °C (104 °F). The raffinose went during
germination, but the ‘glucodifructose’ could not be determined in the malt, and will have been
included in another fraction.

The thousand corn dry weights of the barley and the malt were 39.1 g and 35.3 g respectively, so the malt yield
was 35.3 x 100/39.1 =90.3%.

100 g barley contained 65.86 g starch hexose, while 90.3 g malt (from 100 g barley) contained 58.90 x 0.903 g
starch hexose = 53.19 g. Thus the recovery of barley starch in the malt was 53.19 + 65.68 x 100 = 80.8%. Thus
the starch going during germination was 19.2%.
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fermented the most rapidly, while maltotriose is fermented slowly and sometimes
incompletely so traces may remain in beer. Dextrins, derived from the partial
degradation of starch, are not fermentable and neither are pentosans nor are (3-glucans.
Sometimes the ‘fermentable sugars’ and ‘dextrins’ groups are determined and the results
are used to calculate the carbohydrate fermentability of the wort as the fermentable
carbohydrates as a percentage of the total carbohydrates. Values in the range 64—77%
are common. The fermentable carbohydrates are the major energy source of the yeast
and alcohol and carbon dioxide are the major metabolic products. The major source of
extract in an all-malt wort is starch, but preformed sugars are also important and of these
sucrose (4.3) is the most abundant (Tables 4.15, 4.16). Mannose (4.8) and galactose (4.9)
occur combined in malt but neither is released during mashing. In worts maltose (4.4),
along with many other substances, is produced during mashing by the partial hydrolysis
of starch.

Table 4.15, which quantifies the major groups of carbohydrates, indicates the major
sources of the carbohydrates in the extract. However, depending on the grist, isothermal
mashes may yield about 2% of extract from non-starch polysaccharides while this value
may reach 6% in decoction mashes. The value is likely to be higher when the mashes are
supplemented with microbial enzymes, which attack non-starch polysaccharides. The
levels of the monosaccharides in wort should not be abnormally high (as can be the case
when amyloglucosidase is added to the mash) because this can interfere with the uptake
and metabolism of maltose (4.4) and maltotriose (4.5) by yeast, causing a ‘sticking
fermentation’ (the premature cessation of the fermentation). While the major simple
sugars are as indicated other sugars occur in minor amounts. Pentoses are present (e.g.
xylose (4.10) at 1.5mg/100 ml, arabinose (4.11) at 1.4 mg/100 ml and ribose (4.12) at
0.2 mg/100 ml) compared to maltose (4.4) at 4000 to 6000 mg/100 ml.

The pentoses are more abundant in decoction and (probably) temperature-programmed
worts than in simple infusion worts, since the conditions in infusion mashes do not favour
the enzyme-catalysed breakdown of pentosans. Other sugars detected in tiny amounts are
isomaltose (4.13), panose (4.14), isopanose (4.15), nigerose(4.16) and maltulose(4.17).
Apparently cellobiose (4.18) and laminaribiose (4.19), expected breakdown products of
[-glucans, have not been detected. 5-Glucans and pentosans are always present, but in
varying amounts. Carbohydrates also occur in glycolipids, in nucleic acids and
nucleotides as well as glycoproteins. These are important in various ways, but are
insignificant in terms of extract yield. The calorific value of beer is due to the
unfermentable carbohydrates and the ethanol (ethyl alcohol). Small amounts of fructans
occur in malt. These can be regarded as sucrose molecules (4.3) to which one or more
fructose residues have been attached. Simple examples are kestose (4.20), isokestose
(4.21) and bifurcose (4.22). The fate of fructans in mashing is not known.
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4.4.2 Starch degradation in mashing

Starch makes up the greatest proportion of malt, often about 58% (dry basis), and is
present in greater proportions in some mash tun adjuncts. The breakdown products of
starch make up most of the extract in worts. In malt the starch is practically confined to
the starchy endosperm where, in the undermodified regions, it is enclosed in the cell
walls. It is often invested with protein, which may impede its breakdown. Starch is
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deposited in organelles called amyloplasts, and presumably residues of these also
surround it. It occurs as granules. In barley the granules occur in two populations, the
larger A granules that may have diameters of 22—48 ym, and B granules with diameters
of 1.7—2.5 um. The large granules make up 10—20% of the granules by number but
85—90% by weight. The large granules have a lower gelatinization temperature range
than the small granules.

As the sugar concentration of the surrounding liquid increases, so the gelatinization
temperatures of starches increase (Bathgate and Palmer, 1972; Briggs, 1978, 1992, 1998;
Eliasson and Tatham, 2001; Letters, 1995a, b; Stone, 1996; Tester, 1997). Starches from
other sources may differ significantly, both in size, shape and physical properties
(Chapter 2). The major components of the granules are the polysaccharides amylose and
amylopectin, together called ‘starch’. However, the granules are not pure starch, but also
contain some protein, ash and lipids. Typically amylose makes up 22—26% of the
polysaccharide, the balance being amylopectin. Amylose is a mixture of predominantly
linear «a-(1,4)-linked chains of D-glucopyranose, about 1600—1900 residues long (Fig.
4.17). The presence of occasional branch-points, formed by a-(1, 6)-links, is indicated by
the incomplete hydrolysis of amylose by J-amylase. In solution amylose can retrograde,
that is crystallize and separate from solution. This retrograded material is comparatively
resistant to enzymic attack, and so will not readily be converted into extract if formed
during mashing. Amylose adopts a helical shape (six glucose residues/turn) and inclusion
compounds can be formed with polar lipids or iodine being contained in the helix. The
complex with iodine has a characteristic blue-black colour. The lipid inclusion
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complexes, which occur in barley starch, involve mainly lysophosphatidyl choline, LPC
(4.23), and are not readily degraded by enzymes. The polar choline moiety projects from
the end of the helix. The presence of lipids slows, or prevents, retrogradation. Other
cereal starches contain inclusion compounds with free fatty acids. The lipid complexes do
not give colours with iodine and so incompletely degraded starch that is complexed is not
detected by the iodine test unless the lipid is first removed, for example, with butanol.
Thus the iodine test, as usually applied to samples from the mash or to spent grains, is
unreliable and does not detect all undegraded starch. Each amylose molecule (molecular
weight 26—31 x 10%) will have a non-reducing chain end, in which the terminal glucose
residue is unsubstituted on position C-4, (4.1) and a reducing chain end where the
terminal glucose has a free C-1 position.

Amylopectin is a mixture of highly branched molecules, the a-(1,4)-linked chains,
around 26 glucose units long on average, are joined through «a-(1,6) branch-points,
which may number c. 6% of the bonds in the molecules (Fig. 4.17). Molecular weights
may be very high, e.g., 2 x 10°—4 x 10®. Amylopectin is less soluble in water than
amylose. The chains may also adopt helical configurations which, with iodine, give a
red-violet colour. Each amylopectin molecule has only one reducing chain end but
numerous non-reducing chain ends (Fig. 4.17). The polysaccharide molecules are
ordered in the starch granules, which have a partly crystalline structure, as shown by X-
ray diffraction. In the granules the crystalline regions alternate with the amorphous
regions, which are more easily attacked by enzymes. The amylose molecules are
supposed to be mixed in among the amylopectin, but the arrangements proposed are
tentative (Fig. 4.18; Imberty et al., 1991). The ordered molecular structure of the
granules is also demonstrated by their birefringence. In polarized light the granules
appear to have a dark ‘maltese cross’ on a light background. As the starch is heated in
water and gelatinization begins so the swelling granules begin to lose their birefringence
and the crosses disappear, a fact that allows an estimation of the gelatinization
temperature range of the starch. Gelatinized starch is readily attacked by enzymes, but
this should take place before retrogradation of any of the amylose occurs. The amylose-
lipid complexes of some starches are not disrupted in cooking until temperatures of
90—120°C (194—248°F) are reached, which may explain the need to cook some
adjuncts at temperatures above the gelatinization temperatures of their starches. On
cooling inclusion complexes can slowly reform, and so the enzymic degradation of the
‘liberated’ amylose should not be delayed.

‘Diastase’, the mixture of malt enzymes that catalyses the hydrolytic breakdown of
starch, has been studied for many years, but even now there are uncertainties about the
roles of some of the component enzymes (Fig. 4.19; Briggs, 1992, 1998). Of these
enzymes only the activity of J-amylase correlates well with the determination of diastatic
power, DP, as it is usually determined. Older studies attributed the conversion of starch
during mashing to the activities of the a- and S-amylases. While these are the enzymes
chiefly involved it seems that, at least in temperature-programmed mashes, other
enzymes play significant roles.

Malt a-amylase is a mixture of different molecules (isoenzymes), having slightly
differing properties and these are formed during malting; they are essentially absent from
sound, ungerminated barley. The three ‘classes’ observed each contain multiple forms. a-
Amylase-I occurs in comparatively small amounts in malt. It is relatively resistant to acid
conditions and chelating agents because it binds calcium ions very strongly. It is inhibited
by small amounts of heavy metal ions, such as copper. a-Amylase-II is the ‘classical’
malt enzyme. It is comparatively resistant to heat, particularly in the presence of excess
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Fig. 4.17 Idealized diagrams of (a) amylose and (b) amylopectin. The chains of D-glucopyranose
residues (hexagons) are joined by «a-(1,4)-links in the amylose and the short chains of the
amylopectin which are joined together through a-(1, 6)-links, which create branch points, in the
amylopectin. The reducing chain ends are marked with an asterisk, while the non-reducing chain
ends are indicated with solid hexagons. While the straight chained amylose molecule has only one
reducing group and one non-reducing chain end, the highly branched amylopectin has one reducing
group but numerous non-reducing chain ends per molecule. The dashed line around the amylopectin
indicates the approximate limit of the 8-limit dextrin remaining after the molecule has been
attacked by pure S-amylase. The shortened branches, of two or three glucose residues, are readily
hydrolysed by limit dextrinase or pullulanase to release maltose or maltotriose. The debranched
dextrin can be degraded further by (-amylase.

calcium ions, and to heavy metal ions, but it is inhibited by calcium-binding ‘chelating
agents’, such as phytic acid. It is not completely stable in mashes. It has a pH optimum of
about 5.3, and it is unstable at values below 4.9. ‘a-Amylase-III’ is a complex between «-
amylase-II and another small protein, BASI, (barley amylase/subtilisin inhibitor), which
limits the activity of the enzyme. This complex is probably disrupted at starch conversion
temperatures. The a-amylase mixture from malt attacks the a-(1,4)-links within the
starch chains, producing a range of products. Attack is slower at the chain-ends and
ceases near the a-(1,6) branch points. The products of extensive a-amylolysis include
glucose (4.1), maltose (4.4), and a complex mixture of branched and unbranched
oligosaccharides and dextrins (Fig. 4.19). Because this kind of attack reduces the starch-
iodine colour rapidly, but increases the reducing power of the digest comparatively
slowly this enzyme is often referred to as a ‘dextrinogenic’ amylase. It is also able to
liquefy starch gels. This enzyme is capable of degrading intact starch granules as is a-
glucosidase. In mashing, a-amylase liberates the dextrins that are the substrate for the

‘saccharogenic’ 3-amylase.
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Fig. 4.18 A diagram of the ways in which amylopectin molecules may be packed together in a
starch granule to create amorphous and crystalline regions, which differ in their susceptibilities to
enzymolysis (after Imberty ef al., 1991). Many of the side chains are wound together in double
helices. The single reducing chain end is at the top of the diagram. Linear amylose molecules, some
of which are in the form of helices and inclusion compounds with polar lipids are, in some way,
interspersed with the amylopectin in the granules, possibly in the amorphous regions.

(-Amylase occurs in barley in insoluble and soluble forms, and is of value when raw
barley is used as a mash tun adjunct. During malting the proportion of the ‘free’, soluble
enzyme increases as does the ease of extraction. Little or no more enzyme is formed
during germination. The soluble enzyme contains multiple forms having various
molecular weights, including dimers in which enzyme is linked to the, enzymically
inactive, protein Z by disulphide bonds and in which high proportions of the monomers
seem to be partially proteolytically degraded forms of at least two genetically distinct
isozymes. The insoluble enzyme can be partly released by proteases, such as papain, by
agents which reduce, and so break, the disulphide bonds between the enzyme and other
insoluble proteins, and by ‘amphipathic’ detergents that disrupt hydrophobic bonds
(Buttimer and Briggs, 2000). Compared to a-amylase, -amylase is relatively sensitive to
heat and heavy metal ions and is resistant to mild acidity and chelating agents.

(-Amylase from different barleys differs in its temperature sensitivity. Barleys with
the more stable enzyme give malts which yield the most fermentable worts (Evans et al.,
2002). This enzyme is readily inactivated by chemical agents that react with thiol groups.
It has a broad pH optimum around 5.0—5.3, (but which alters with the buffer used in the
activity measurements), catalyses the hydrolysis of the penultimate a-(1,4)-link of the
non-reducing chain ends of amylose and amylopectin, with the release of the reducing
disaccharide maltose (4.4), the most abundant sugar in wort (Fig. 4.19). However, the
enzyme will not hydrolyse a-(1,4) bonds near to a-(1, 6) branch-points in amylopectin or
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Phosphor ylase

G-G-G-G-G-... +Pi =— G-1-P + G-G-G-G-...

Non-reducing  Inorganic Glucose-1- Shortened
chain end phosphate  phosphate chain
B-Amylase

G-G-G-G—(G)y-G... +H,0 — G-G* + G-G—(G)\-G...

Non-reducing Maltose Shortened
chain end chain end

a-Glucosidase
G-G* or G-G-G* + H,O0O — G*+G* or G*+GG*

Maltose Maltotriose Glucose  Glucose Maltose

G* or G-G* + HO — G*+G* or G* + G-G*
| |

G G Glucose Glucose Maltose
Isomaltose

Dextrins, etc. — Glucose + various products

a-Amylase

G-G-G-G—-(G)y-G-G-G-G—(G)y —G* + H,0 — G* G-G*, G-G-G*
| GGG _C-CG_C_C*
GG-G-G-G-G G-G-G-G-G (IB G-G
G-G-G-G
Branched and unbranched chains Mixture of sugars,
oligosaccharides and dextrins

Debranc hing enzyme (limit de xtrinase; R-enzyme)
G-G-G-G-G-G-G-G-G-G*+H,0 — G-G-G-G-G-G-G-G-G-G*
|
G-G-G-G G-G-G-G-G*

Amylopectin; branched dextrins Amylose; products without
a(1 - 6)branch-points

Transglucosylase reactions
(These may be catalysed by various enzymes, as ‘side reactions’)

G*
G-G* Isomaltose |
Maltose G

G-G-G-G-G-G-G-G—(G)y-G-G-G* — G-G-G-G-G-G-G-G-G-G*
|
G-G-G-G-G-G-G

Amylose Amylopectin

Fig. 4.19 A summary of how the enzymes, that together make up diastase, act on the
polysaccharide components of starch or their breakdown products (after Briggs, 1998). G, a-D-
glucopyranose residues — , (1,4)-link |; (1, 6)-link; *, reducing group.
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dextrins. Thus if dispersed starch is attacked by (-amylase acting on its own amylose
molecules are broken down, with the liberation of maltose, until one of the occasional
branch-points is encountered, while amylopectin is degraded to maltose and a 3-limit
dextrin in which all the non-reducing chain ends are within two or three glucose residues
of branch points (Fig. 4.17). In mashing a few of the a-(1, 6)-links may be broken by limit
dextrinase, with the release of maltose (4.4) or maltotriose (4.5), or a-glucosidase, with
the release of glucose (4.1), and links within the chains can be broken by a-amylase. In
each case the effect is to expose a non-reducing chain end that the S-amylase can attack.
The extensive degradation of starch that occurs during mashing depends on the concerted
action of the mixture of enzymes present and is often limited by enzyme destruction
rather than the absence of substrates for possible enzyme attack.

Phosphorylase, the enzyme that catalyses the cleavage of the terminal a-(1,4) links in
non-reducing chain ends with inorganic phosphate to release glucose-1-phosphate, is
present in barley and green malt (Fig. 4.19). Apparently its possible role in mashing has
never been investigated. Like $-amylase this enzyme can degrade chains until it comes to
a branch point. As wort contains inorganic phosphate this enzyme may be active and as
phosphatases are also present the glucose-1-phosphate generated would be hydrolysed to
glucose and phosphate, the overall effect being the same as degradation by a-glucosidase.

a-Glucosidase is present in barley and increases in amount during malting (Briggs,
1998). The enzyme seems to have several forms differing in their substrate specificities and
a proportion is insoluble but still able to catalyse the hydrolysis of small molecules such as
maltose (4.4) (Fig. 4.19). The enzyme has a pH optimum of about 4.6 and a temperature
optimum of 40—45°C (104—113 °F). This enzyme is probably active in the early stages of
temperature-programmed mashing. Like a-amylase this enzyme attacks starch granules
(Sun and Henson, 1990), and acts synergistically with a-amylase in this respect. This
enzyme attacks maltose (4.4), isomaltose (4.13), oligosaccharides, dextrins and starch at
the ends of the non-reducing chains, hydrolysing a-(1,4) links preferentially and «-(1, 6)
links more slowly (Fig. 4.19). Like some other carbohydrases this enzyme can catalyse
transglucosylation in strong solutions of sugars, generating small amounts of different
materials. The data on the role of this enzyme in mashing is inadequate, but indirect
evidence suggests that its action can be significant in temperature-programmed mashes.

Debranching enzyme catalyses the hydrolysis of a-(1,6) links in amylopectin and
dextrins. Previously it was thought that two enzymes were involved and these were
referred to as limit dextrinase and R-enzyme. When the enzyme acts on (3-limit dextrins
maltose (4.4) and maltotriose (4.5), but not glucose (4.1), are released. While the role of
the malt enzyme in brewer’s mashes is uncertain the value of using the similar bacterial
enzyme pullulanase in making highly fermentable worts is clear (Enevoldsen, 1975). The
survival of this enzyme in malt is strongly dependent on the kilning conditions. The
enzyme occurs in insoluble and soluble forms and much of the soluble enzyme is
inhibited by one or more associated proteins. It was thought that as most of the a-(1, 6)
links initially present in the mash survived into the wort the activity of debranching
enzyme must have been insignificant (Enevoldsen, 1975). However, more recent work
indicates that in spite of earlier reports the enzyme is at least as stable as J-amylase in
mashes and its activity may be significant in some circumstances (Bryce et al., 1995;
Sissons, 1996; Sjoholm et al.,1995; Stenholm and Home, 1999; Stenholm et al., 1996).
Clearly, brewers or distillers who require highly fermentable worts, desire high levels of
active debranching enzyme and low levels of the inhibitory proteins in their mashes.

Experiments with soluble starch and enzyme preparations in buffered solutions are
unrealistic ‘models’ for mashes in that the conditions are significantly different and this
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alters the stabilities of the enzymes and indeed takes no account of the insoluble enzymes
present in malt. a-Amylase acting alone on starch for an extended period, at various
temperatures around 65 °C (149 °F), produces poorly fermentable worts (about 20%) and
this result is comparatively temperature insensitive. If the a-amylase is supplemented
with increasing amounts of J-amylase (probably contaminated with other enzymes) then
wort fermentability increases. However, the higher the temperature the lower the
fermentability. Thus, as expected, wort fermentability is dependent on both the mashing
temperature and the amounts of enzymes present in the mash. At higher temperatures the
heat-labile F-amylase is destroyed faster and so the ‘dextrins’ produced by the a-amylase
are less-well ‘saccharified’ by the other, more heat labile enzymes. This is consistent with
experience with the results of experimental isothermal mashes (Table 4.17; Fig. 4.20).
Alterations in isothermal mashing temperatures and durations and malt quality influence
extract yield and its quality (Fig. 4.9; Tables 4.6; 4.17). The changes occurring in
temperature-programmed mashing are more complex (Stenholm ef al.,1996; Gjertsen and
Hartlev, 1980; Schur ef al., 1973; Table 4.18). Thus, during a mash programmed with
rests at 48 °C, 63 °C, 72 °C and 80°C (118.4, 145.4, 161.6 and 176 °F) extract rose, but at a
decreasing rate, until the temperature rise from 63 to 72 °C when it became constant (Fig.
4.21). Fermentability stopped rising during the 63 °C rest, when about 0.7 of the (-
amylase initially present had been destroyed. Destruction was completed as the
temperature rose to 72 °C. a-Amylase destruction was not complete until 80 °C had been
reached.

While the patterns of sugar formation during mashing reflect enzyme activities they do
not unambiguously demonstrate which enzymes are active. Thus fructose (4.2) may
originate from the hydrolysis of sucrose (4.3) or higher oligosaccharide fructans, or from
free sugar initially present in the grist. Glucose (4.1) occurs in malt and during mashing
may be formed by the activity of a-amylase, a-glucosidase or F-glucosidase. Maltose is
undoubtedly mainly formed by [-amylase but there may be contributions from
debranching enzyme (acting as a limit dextrinase) and «-amylase. In temperature-
programmed mashes the rise in glucose at low temperatures suggests that a-glucosidase
is active (Schur ef al., 1973). The patterns of sugars present in isothermal mashes made at
different temperatures indicate that glucose production is maximal at about 57°C
(approx. 135°F), which is consistent with a-glucosidase activity (Taylor, 1974; Fig.
4.20).

When starch-containing adjuncts are added in increasing amounts to mashes, wort
fermentability usually declines before extract recovery indicating that saccharogenic
activity becomes limiting before dextrinogenic activity, essentially a-amylase. However,
increasing the amount of c-amylase in these mashes can increase wort fermentability. In

Table 4.17 The influence of isothermally mashing two malts, at three different temperatures, on
wort fermentability and content of nitrogenous substances (Hudson, 1975)

Malt 1 (Diastatic power, Malt 2 (Diastatic power,
Mashing temperature 33°L; TN, 1.3%) 90°L; TN, 1.8%)
°C °F Ferm. (%) TSN (mg/100 ml) Ferm. (%) TSN (mg/100 ml)
68 155 72 73 77 96
65.5 150 76 78 86 106
63 145 79 84 88 113

Abbreviations; Ferm., fermentability. TSN, total soluble nitrogen. TN, total nitrogen content of the malt (% on
dry).
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Fig. 4.20 The specific gravity of worts (@ —— @ SG) and the levels of total fermentable sugars
a—— O TFS) and the sugars present in the worts prepared by isothermal 2h. mashes at the
temperatures shown (after Taylor, 1974). Key to the sugars: G, glucose o— — —o; G,, maltose

A ———/\; Gs, maltotriose A———A; S, sucrose V- — -V ; Gy, maltotetraose ll— — -
Only traces of fructose were detected.

Table 4.18 The influence of three mashing conditions on the 8-glucan contents of worts prepared
from three malts (Narziss, 1978). In the extended programme the malt grist was mashed in at 35°C
(95 °F). After a 30 min. rest the temperature was raised (during 15 min.) to 50 °C (122 °F) and this
was held for 30 min. Temperature rests were subsequently at 65 °C (149 °F)/30 min., 70 °C (158 °F)/
30min. and 75°C (167 °F)/Smin. In between the rests the temperature was increased at 1°C
(1.8 °F)/min. Total time, 180 min. The shortened mashes began at 50 °C (122 °F) or 65°C (149 °F),
and in each case the rest of the temperature programme was as before, so mashing times were 135
and 90 min. respectively

Malt modification Excellent Normal Poor
Fine/coarse extract difference (% EBC) 1.1 2.0 3.8
Endo-f-glucanase activity (mPa/s) 0.343 0.315 0.096
Mashing in temperature Duration (-Glucan yield (mg/100 g dry wt.)
°C °F (min.)

35 95 180 17 58 390
50 122 135 33 82 595

65 149 90 86 231 645
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Fig. 421 The changing yields of extract and fermentable sugars (glucose, maltose and
maltotriose) and the declining levels of a-amylase and S-amylase during temperature-programmed
mashing (data of Stenholm et al., 1996).

part this may be due to the fermentable sugars produced by this enzyme, but the faster
liquefaction of the starch and faster production of dextrins produces more accessible
substrate that S-amylase and other thermolabile enzymes can attack before they are heat
inactivated. The problem with starches with high gelatinization temperatures is that by
the time they have been liquefied at the necessarily high temperatures used, all the
saccharogenic enzymes have been destroyed. Hence the need to cook and liquefy such
starches, and adjuncts containing them, then to cool the mixture and mix it with malt at
temperatures at which saccharification is still possible. The gelatinization temperature of
malt starch can vary by as much as 6°C (10.8 °F; Bourne, 1998). Worts prepared from
these differing malts had varying fermentabilities.

4.4.3 Non-starch polysaccharides in mashing

The non-starch polysaccharides in the grist (NSP) are the fructans, the hemicelluloses, the
gums and the holocellulose. Pectins seem to constitute negligible proportions of grist
materials, although small amounts of combined uronic acids are present. Apart from
sucrose (4.3), which seems to undergo little hydrolysis during mashing, the fate of the
fructans is unknown. However, as the levels of fructose do not increase appreciably
during mashing, it is likely that the fructans, which are very soluble, are not hydrolysed
and so they remain with the unfermentable carbohydrates. In many plants fructans are
metabolized by transglycosylation reactions. Holocellulose is the polysaccharide material
which remains undissolved after extracting grist with hot water and solutions of caustic
alkalis. This fraction comes mainly from the husk in malt, where it is associated with
lignin and it makes up about 5% of barley. However, small amounts are found in all parts
of grains. This material is thought not to undergo any alterations in mashing. There is no
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evidence that pure cellulose (poly-(-(1,4)D-glucan) is present in malt, although some
could be present in the holocellulose fraction, which contains combined glucose (4.1),
mannose (4.8) and lesser amounts of galactose (4.9).

The remaining fractions, usually grouped as the gums and hemicelluloses, have been
extensively studied (Briggs, 1998; MacGregor, 1990; Fincher, 1992; Letters, 1995a,b;
Han and Schwarz, 1996). Together they make up about 10% of barley, but during malting
the B-glucan component is substantially degraded while the pentosans increase. Gums are
soluble in water, while the residual hemicelluloses are soluble in hot solutions of caustic
alkali. If the extraction of gums is carried out with water of increasing temperatures the
quantity of gum recovered increases at the expense of the residual hemicellulose. Thus
these fractions are a series of materials with a range of solubilities. Chemically there are
two major groups of substances in these fractions, the [-glucans, that have been
exhaustively studied, and the less-studied pentosans. Minor amounts of other
polysaccharides are probably present. These substances occur in the cell walls of barley
and malt. The major, but not the only source of these substances, is the cell walls of the
starchy endosperm in malt and barley and wheat adjuncts. In barley the carbohydrates of
the endosperm cell walls contain about 70—75% [3-glucan, 20—25% pentosan and 2—4%
holocellulose.

During malting the -glucan in the grain is preferentially degraded. In under-modified
malts, chit malts, inhomogeneous malts and barley adjuncts the undegraded gums (and
possibly hemicelluoses) present give rise to production problems if they are not
adequately broken down during mashing. Problems with mashes made with wheat (or
rye, or triticale) adjuncts are often caused by pentosans. Wort separation may be slow, the
wort will be too viscous, extract recovery is likely to be low, beer filtration will be slow
and will use large amounts of filter-aid material, the beers may become hazy and even
deposit gels. These materials are also deposited if beer is frozen. However, other
polysaccharides, including a-glucan dextrins (derived from starch), yeast glycogen and
cell-wall glucomannans may also be involved (Forage and Letters, 1986; Letters,
1995a,b). Many of the problems attributed to [-glucans are probably partly due to
pentosan materials (Han and Schwarz, 1996). These polysaccharides may also have
beneficial effects on beer qualities, adding to palate-fullness and foam stability. Elevated
levels of (-glucans indicate that malt is under-modified and so, in addition to other
consequences, may lack adequate ‘nitrogen (protein)-modification’ and levels of the
enzymes needed in mashing.

(-Glucans are families of molecules consisting of linear chains of 3-D-glucopyranose
units, of various lengths (molecular weights) linked in various ways. These chains are
unsubstituted and, despite speculations to the contrary, there is no evidence for cross-
linking via peptides or other materials. The major class in barley contains a mixture of
1,3- and 1,4-bonds in which about 90% consists of cellotriosyl and cellotetraosyl units
(in which the respectively 3 and 4 glucose units are linked by 3-(1,4)-bonds) are joined
by single 5-(1, 3)-links (Fig. 4.22). In general the frequency of the (1, 3)- to (1,4)-links is
about 3 to 7, but this varies. This material resembles the seaweed polysaccharide lichenin.
Some longer runs of (-(1, 3)-links do occur and sequences of up to 14 §-(1, 4)-linkages
have been reported. In addition small amounts of an exclusively 8-(1, 3)-linked glucan,
which resembles laminarin, are also present in barley. Apparently, its presence in malt
has not been investigated. The chain lengths of the 3-glucan molecules vary greatly, the
longer chain materials giving rise to more brewing problems and very viscous solutions.

The enzymes involved in the hydrolytic breakdown of 3-glucans during malting are
indicated in Fig. 4.22. In mashing the amount of §-glucan that dissolves is increased by
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the activity of a heat-stable enzyme (or mixture of enzymes) now termed [-glucan
solubilase (Luchsinger et al., 1958; Scott, 1972; MacGregor and Yin, 1990; Bamforth et
al., 1997). The nature of this enzyme has not been established, and the enzyme activity
has been attributed to a variety of enzymes acting separately or in concert such as (-
(1, 3)-glucanase, cellulase (3-(1, 4)-glucanase), and peptidases. These activities may exert
their effects by partial degradation of the glucan chains to shorter, more soluble
fragments or to the removal of ‘investing’ materials associated with the cell wall structure
(such as proteins and/or pentosans). The most significant enzymes are the endo-(-
glucanases, which degrade the chains by random attack on the susceptible bonds,
reducing the viscosity of their solutions. The malt endo-3-(1, 3)-glucanase, sometimes
called laminarinase, is relatively heat stable but will only attack polysaccharides within
sequences of consecutive (1,3)-G-links. Two isozymes have been noted, with the same
pH optimum of about 5.6. Their significance in mashing is uncertain. Malts contain small
and variable amounts of cellulase(s), enzymes that can only attack [-glucan with
consecutive runs of (1,4)-bonds. It is probable that much of this enzymic activity
originates in microbes on the malt.

The more important enzyme, with two isozymes, is properly called endo-(1,3; 1,4)-
[-glucan 4-glucanohydrolase, but is usually referred to as (malt) [-glucanase. These
enzymes have pH optima of 4.7 and hydrolyse the 5-(1,4)-bond adjacent to a substituting
£-(1,3)-link, giving rise to oligosaccharides which, since these are not known to
accumulate during mashing, are presumably rapidly degraded further by (-glucosidases.
Only isozyme EII survives kilning and remains in malt (Fincher, 1992). This enzyme is
heat labile and amounts remaining in pale malts are very variable. Low levels of malt (-
glucanase can give rise to a need to supplement mashes with preparations of bacterial -
glucanases or fungal glucanases. The (-glucosidases, which can hydrolyse laminaribiose
(4.19) and cellobiose (4.18) as well as other 3-glucosides and which will attack the non-
reducing chain ends of the [-glucan chains, seem to occur as isoezymes having
significantly different specificities. Their role in mashing is uninvestigated. The existence
of exo-(-glucanases, which were postulated to attack the non-reducing chain ends and
give rise to cellobiose (4.18) and laminaribiose (4.19), has not been confirmed. To be
effective in mashing the malt used must have been carefully kilned to allow the survival
of active -glucanase. In many well-modified, strongly cured ale malts little or none of
this enzyme remains. In all-malt mashes, it is not needed. The enzyme is needed when
inhomogeneous or under-modified malt (including chit malt) is used or (-glucan-rich
adjuncts are included in the grist. Then, because the enzyme is heat-labile, the mashing
temperature programme must be adjusted to give the enzyme time to act. From a series of
isothermal mashes, made at different temperatures, it is seen that at temperatures above
45°C (113°F) increasing amounts of (-glucan are extracted into the wort as higher
temperatures are used (Fig. 4.23). This effect is due to the greater solubility of the glucans
at higher temperatures combined with the earlier destruction of the 3-glucanase at higher
temperatures.

In commercial, isothermal mashes it is found that even at temperatures of about 65 °C
(149 °F), it is beneficial to have appreciable G-glucanase activity in the malt if flake barley
is being used as an adjunct even if, as has been estimated, the enzyme activity survives for
only 2—5 min. Steamed flakes are probably the barley adjunct that most readily releases (-
glucan during mashing while micronized barley releases least, perhaps because the
polysaccharide is partly degraded by heat during the preparation of the adjunct. Elevated
wort viscosity, which is an indication of faulty wort production, is often used as a warning
that too much (-glucan is in the wort, and has even been used to ‘measure’ the
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isothermal mashes made at various temperatures (data of Home et al., 1993).

polysaccharide present. This simplistic view is mistaken (Pierce, 1980; Bathgate and
Dalgliesh, 1975). Many wort components contribute to its viscosity, including dextrins,
pentosans, and sugars. The increase of viscosity with increasing (3-glucan content is not
linear but is more nearly a logarithmic relationship and the viscosity contributions of the
wort components are not simply additive. Temperature-programmed mashing is attractive
in that, by allowing a ‘rest’ at or near the temperature optimum of 5-glucanase its activity is
favoured (Table 4.18). However extended low-temperature rests will also allow other heat-
labile enzymes, such as phosphatases, glycosidases and proteases, to continue acting,
possibly with undesirable consequences, such as unduly elevated levels of TSN.

The fate of the pentosan polysaccharides in mashing has not been adequately
investigated. Pentosans vary in their sizes and detailed structures (Briggs, 1998;
Fincher, 1992). However, they are all based on chains of xylose (8-D-xylopyranose
(4.10)) molecules joined through (1,4)-links. The xylose chains are variously
substituted with arabinose («-L-arabinofuranose (4.11)) units. A xylose residue may
be unsubstituted, or be substituted on C-2, C-3 or in both positions. The substitutions
occur irregularly along each chain. Arabinoxylans from malt tissues other than the
starchy endosperm may also be substituted with D-glucuronic acid and perhaps
galacturonic acid residues. In addition some of the arabinose substituents may have a
single xylose residue attached. Many studies have treated the pentosans as though they
were pure polysaccharides. However, a proportion of the arabinose units are substituted
with phenolic acids, overwhelmingly ferulic acid (4.131), and the molecules are
acetylated. It is assumed that the acetyl residues are attached to the xylose units. The
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Fig. 4.24 A scheme of the activities of the enzymes believed to be involved in the hydrolytic
breakdown of the grain pentosans during malting (Briggs, 1998). X, 3-D-xylpyranose residues
(4.10) linked (1,4) in chains. A, a-L-arabinofuranose residues (4.11) Ac and F, acetyl and feruloyl
substituents, acetic acid and ferulic acid (4.131) attached to the polysaccharide through ester links.

consequences of these substitutions on the polysaccharides probably include increased
hydrophobicity, with consequent hydrophobic binding between molecules, including
some proteins, and decreased solubility.

Esterase enzymes must be present to remove the acylating (acetic acid and ferulic
acid) substituents and so expose the polysaccharide to attack by carbohydrases. Mixtures
of microbial esterases and carbohydrases act synergistically to break down pentosans.
Pentosans bind large amounts of water, and it is this characteristic of the hemicellulose,
present in the fine particles, that is believed to contribute to their slowing wort separation
from mashes. The enzymes believed to be involved in the degradation of pentosans
during malting are indicated in Fig. 4.24. The esterases are unstable in buffer solutions
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over 30°C (86 °F) (Humberstone and Briggs, 1998). However, feruloyl esterase is active
in mashing with a temperature optimum of around 45 °C (113 °F) (McMurrough et al.,
1984, 1996; Narziss et al., 1990).

The ferulic acid (4.131) liberated is a potential anti-oxidant and if decarboxylated
during boiling or by bacteria or pof" yeast strains, gives rise to 4-vinyl guaiacol (4.134,
Fig. 4.33 on page 158), a strongly flavoured substance that is undesirable in most beers.
Which other enzymes are involved in pentosan degradation during mashing is not clear,
but the endo-xylanases, which are relatively heat stable, are probably involved and the
greater amounts of arabinose (4.11) and xylose (4.10) found in temperature-programmed
mashes, relative to isothermal infusion mashes, indicates that heat-labile glycosidases are
active, at least at lower temperatures. Malt contains an inhibitor of xylanase (Debyser et
al., 1997b). Some 70—90% of malt gums are pentosans, the remainder being chiefly 3-
glucans. Quoted values are not consistent, but malt may contain 6.4—6.9% pentosan, of
which 0.49—-0.69% is water-soluble (Debyser et al., 1997a). Some beers contain
0.3—0.5% (w/v) non-starch polysaccharides, (which may comprise 10% of the beer
carbohydrate), of which ¢. 70% is pentosan, 23% is $-glucan and 7% is other materials
(Han and Schwarz, 1996). In 15 other beers the arabinoxylans were in the range
514—4211 mg/l, while (-glucans were in the range 0.3—248 mg/l (Schwarz and Han,
1995).

4.4.4 Proteins, peptides and amino acids

In some analytical systems the nitrogen content of a material x 6.25, (or some other
factor), is reported as the protein content. This is incorrect and misleading, since many
substances besides proteins contain nitrogen. Proteins consist primarily of chains of
amino acids joined by peptide links (Figs 4.25 and 4.26). A protein may consist of one or
more long polypeptide chains which may or may not be covalently cross-linked through
disulphide bonds between two cysteine (4.31) residues (cystine; 4.32). The chain(s) are
folded together in particular ways and the biological activities of proteins, such as
enzymes or lectins, depend on the folding being correct, that is the protein is in its
‘native’ state. If the folding is disrupted, for example by heat, then the biological activity
is lost, the protein is ‘denatured’ and, if it was in solution, it may precipitate. Protein
solution followed by thermal denaturation and precipitation occurs in temperature-
programmed mashing and more aggregation and precipitation occurs during the hop-boil,
giving the trub. Native proteins may be soluble or insoluble. Proteins may be substituted
with various molecules, such as sugars in the case of glycoproteins or haem or other
prosthetic groups in the cases of some enzymes, such as peroxidase.

The proteins of cereals are often considered in groups defined by their solubilities
(Briggs, 1998). Globulins are soluble in pure water, while both albumins and globulins
are soluble in salt solutions. Many enzymes occur in these soluble fractions but insoluble
enzymes also occur in malt. The hordeins are soluble in hot solutions of aqueous
alcohols, and their solubility is enhanced if reducing agents are also present (e.g. 70%
ethanol containing 2-mercaptoethanol, or 60% n-propanol containing sodium borohy-
dride). The glutelins are soluble only in solutions of strong alkalis. The last two fractions
are largely either reserve materials or, in the case of the glutelins, they may have
structural functions. Some cereal proteins have unexpected properties, for example,
solubility in light petroleum (thionins). When degraded by hydrolysis proteins give rise to
peptides, shorter chains of amino acids (Fig. 4.25), and eventually free amino acids (Fig.
4.26 (4.24-4.49)).



4 The science of mashing 143

R'-~CH-COOH
|
NH,

Generalized amino acid

R'-CH-CO-NH-CH-COOH
| |
NH, R’

Generalized dipeptide

R*~CH-CO ~NH-CH-CO -NH-CH-COOH
| | |
NH, R* R®

Generalized tripeptide

NH,—CH-CO —
;{e

NH-CH-CO

|
Rvarious

~NH-CH-CO-NH-CH-COOH
R R

n

Generalized protein

Fig. 4.25 Generalized formulae of an a-amino acid, a dipeptide, a tripeptide, and a section of a
polypeptide chain, as found in proteins and their degradation products. The various side-chains, R,
(Fig. 4.26) differ in their reactivities and in some cases may be substituted, for example with
carbohydrates.

The amino acids differ in their properties and, when joined in peptide chains, their
side-chains largely define the properties of the peptide or protein of which they form a
part. The amino acid cysteine (4.31) is of interest since the thiol (-SH) on the side chain
can be oxidized to give the ‘di-amino acid’ cystine, containing a disulphide link (4.32).
Thus peptide chains can be cross-linked by covalent disulphide bonds formed by
oxidizing cysteine residues in the chains, a fact that is probably important in
polymerizing gel-proteins during mashing (Van den Berg and Van Eerde, 1982; Muller,
1995). Conversely these bonds may be split by reducing the disulphide bridges to pairs of
thiols. The reduction may be brought about with sodium borohydride, or by thiol-
disulphide exchange or by cleavage with bisulphite ions. Presumably, the enhanced rate
of wort run-off caused by the experimental addition of bisulphites to mashes is caused by
the altered structure of the proteins in the fine particles or Oberteig following the
breaking of disulphide cross-links.

Thousands of proteins have been detected and from the brewing point of view it is
usually most convenient to consider them in groups defined by particular properties.
However, it is sometimes necessary to consider individual proteins, for example, because
of their enzymic capabilities, or because they bind to particular sugars (i.e. they are
lectins) or they bind to lipids or because they are involved in foam formation and
stability, or because they are involved in binding to polyphenols giving adducts which
can form hazes in beers. These ‘haze-forming proteins’ can be selectively removed from
beer by adsorbtion onto silica hydrogels, or can be selectively degraded by proteolytic
enzymes such as papain. These proteins and polypeptides appear to be distinct from those
which add to the ‘body’ of the beer and those which help form and stabilize foam.
Surprisingly some malt proteins or modified products (protein Z, 40 kDa, and LTP 1, a
lipid transfer protein, 10kDa, are examples) partly survive mashing and boiling and
appear, sometimes partly modified, in beer.
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It was believed that virtually all the soluble nitrogen-containing substances in wort,
prepared by isothermal mashing at about 65 °C (149 °F), were preformed in malt. This is
incorrect. The amounts of soluble nitrogen depend on the malt and the way that it is
mashed. In mashes made at 65 °C (149 °F) about 50% of the total soluble nitrogen (TSN)
and 30—50% of the free amino nitrogen (FAN) is formed by enzyme action during
mashing. The mixture of malt enzymes involved in the hydrolytic breakdown of proteins
is complex (Briggs, 1998; Enari, 1986; Enari et al., 1964; Burger and Schroeder, 1976;
Mikola et al., 1972; Sopanen et al., 1980). The major endo-peptidases, or proteases attack
polypeptide chains at various particular locations. Both insoluble (‘bound’) and soluble
(‘free’) enzyme activities have been detected. The most important proteases are thiol-
dependent, have pH optima in the range 3—6.5 and contribute about 90% of the
proteolytic activity. Metalloproteases (pH optima 5—8.5) provide most of the remaining
activity, but serine proteases and aspartate proteases are also present.

About 42 soluble endopeptidases have been detected (Zhang and Jones, 1995a,b). In
addition 4—5 amino-peptidases (pH optima 5.5—7.3, which attack peptide chains at their
amino-termini) and at least four carboxypeptidases (pH optima 4—6, which attack peptide
chains at the carboxyl termini) together with two alkaline peptidases (pH optima 8—10)
are also present. In mashing, the proteases and the carboxypeptidases are the most
important enzymes in generating soluble nitrogenous substances. There is normally an
‘excess’ of carboxypeptidase activity, and so the rate-limiting activity is due to limiting
amounts of proteases. At the end of mashing there is always a substantial amount of
protein remaining in the spent grains and so a lack of substrate is not what limits the
generation of soluble nitrogen. During mashing ammonium ions are released as well as
peptides and amino acids (Jones and Pierce, 1967; Pierce, 1982). Presumably the
ammonium ions arise from the hydrolysis of glutamine (4.34) and asparagine (4.30) by
amidases. Apparently transaminases are not active during mashing, but some glutamic
acid (4.33) may be enzymically decarboxylated to give y-amino butyric acid (4.27). With
such a complex mixture of enzymes involved it is not surprising that alterations in
mashing conditions can have dramatic effects on the patterns of nitrogenous substances
present in the wort, including the proportions of amino acids. The reported temperature
‘optima’ of permanently soluble nitrogen (PSN), after 15 min., lh. and 3h. mashing, were
61°C (141.8°F), 58°C (136.4°F) and 53°C (127.4°F) respectively while the
corresponding values for formol-nitrogen were 59°C (138.2°F), 52°C (125.6°F) and
50°C (122 °F).

Mash tun adjuncts are often used as sources of extract that will act as ‘nitrogen
diluents’, that is, wort prepared using these adjuncts will contain less soluble nitrogen
than an all-malt wort having the same extract content. However, mash tun adjuncts
contribute some nitrogenous substances to the wort. Wheat adjuncts contribute
polypeptide material that favours foam formation and stability, as do preparations of
raw barley. Raw barley (like raw wheat) contains proteins that inhibit proteases from malt
and some microbial enzymes. Thus the addition of a barley adjunct to a mash can reduce
the level of wort-soluble nitrogen to a disproportionate extent and in barley brewing it is
necessary to ensure that a sufficient amounts of a protease is used to ensure that enough
soluble nitrogen is generated during mashing. In one trial the amounts of a-amino
nitrogen in worts (as mg N/kg grist) were, with all malt, 949; with 16% malt replacement
with the named adjunct, wheat, 763; rice, 821; maize, 832 (Jones, 1974).

The proteins and polypeptides that survive into the beer contribute to the ‘body’ and
‘mouth-feel’ of the beer, its foaming characteristics, and its susceptibility to haze
formation. The colour of the beer is influenced by Maillard reactions between the
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sugars and amino-compounds (including the amino acids) during the hop-boil, which
give rise to coloured and flavoured substances. The proportions of the flavoured
fermentation products made by yeast are dependent on the nitrogenous substances that
are present. The rate of wort separation is reduced by the presence of inadequately
degraded ‘gel proteins’ in the mash contributing to the fine particles and the Oberteig
which impede the flow of the wort through the goods. In worts from all-malt mashes the
levels of amino acids are nearly always adequate for good yeast growth. However, in
worts made using mash tun and/or copper adjuncts the FAN levels may fall below the
100—140 mg/litre level, which is regarded as the minimum needed for trouble-free
fermentations.

4.4.5 Nucleic acids and related substances

Nucleic acids make up 0.2—0.3% of malt. About 70% of the nucleic acid is
deoxyribonucleic acid, DNA (4.50) and 30% ribonucleic acid, RNA (4.51). The enzymic
hydrolysis of the nucleic acids first gives rise to nucleotides (base — sugar — phosphate),
then nucleosides (base — sugar + inorganic phosphate) and finally free bases and sugars.
In addition, the malt contains a variety of other nucleotides and derivatives including
ATP (adenosine triphosphate, (4.53)), NAD" (nicotinamide adenine dinucleotide,
(4.54)), UDPG (uridine diphosphate glucose, (4.55)) and so on. The nucleic acids are
chains of alternating phosphate and sugar (ribose (4.12) or deoxyribose (4.52)) residues,
each sugar unit being substituted with a purine or a pyrimidine base (Fig. 4.27). Together
these substances contribute 8—9% to the total nitrogen content of malt. During mashing
the degradation of the more complex materials appears to be nearly complete, the
products in the wort being free bases (adenine (4.56), guanine (4.57), cytosine (4.58),
uracil (4.59) and thymine (4.60)) or breakdown products such as allantoin (4.61),
hypoxanthine (4.62) and xanthine (4.63). The related nucleosides (e.g. adenosine,
guanosine) and deoxynucleosides, in which the bases are attached to ribose or
deoxyribose, are also present, as are smaller amounts of nucleotides. (Briggs, 1998;
Ziegler and Piendl, 1976).

Several nucleases are present in malt and these are sufficiently stable to ensure the
complete hydrolysis of the nucleic acids to nucleotides, molecules in which the
nucleoside structures (base-sugar) are phosphorylated (base-sugar-phosphate) on the
sugar residues in various positions. The phosphatase (nucleotidase) enzymes are also
active as dephosphorylation of the nucleotides to nucleosides proceeds during mashing.
The nucleosidases, which hydrolyse nucleosides to their constituent bases and sugars, are
evidently more heat labile since highly kilned malts give relatively more nucleosides to
free bases when mashed, compared to lightly kilned malt and mashing at higher
temperatures gives worts richer in nucleosides. Some nucleic acid breakdown products
are known to have flavour-enhancing properties, but the amounts reaching beer are so
small that they can have only a marginal effect. Yeast probably uses the free bases to
support growth in the initial stages of fermentation.

4.4.6 Miscellaneous substances containing nitrogen

A wide range of nitrogen-containing substances, besides proteins, peptides and amino
acids, occur in malt and wort in widely differing amounts (Briggs,1998; Engan, 1981;
MacWilliam, 1968; Fig. 4.28). Ammonia, as ammonium ions, and many amines, often
formed by the decarboxylation of amino acids, are found in worts. Thus glycine (4.35)
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products allantoin, xanthine and hypoxanthine and of three chemically related cofactors.
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Fig. 4.27 Continued.

gives rise to methylamine (4.64), alanine (4.24) gives ethylamine (4.65), valine (4.49)
gives isobutylamine (4.66), phenylalanine (4.42) [(-phenylethylamine (4.67), tyrosine
(4.48) tyramine (4.68), histidine (4.36) histamine (4.69), tryptophan (4.47) tryptamine
(4.70), and proline (4.44) pyrrolidine (4.71). Similarly, the decarboxylation of arginine
(4.28) yields agmatine (4.72), while ornithine (4.73) and lysine (4.40) give the diamines
putrescine ((4.74); 1,4-diaminobutane) and cadaverine ((4.75) 1,5 diaminopentane),
respectively. These last are precursors of spermine (4.76) and spermidine ((4.77) Briggs,
1978). The origins of dimethylamine (4.78), trimethylamine (4.79) p-hydroxybenzyla-
mine (4.80) and gramine (4.81), butylamine and amylamine are less obvious. The
methylated derivatives of tyramine (4.68), N-methyl-tyramine (4.82), di-N-methyl
tyramine ((4.83), hordenine) and the quaternary tri-N-methyl-tyramine ((4.84), candicine)
are also present.
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A wide range of heterocyclic, N-containing substances also occurs in worts prepared
using dark or roasted malts or adjuncts. Various other N-containing substances are also
vitamins and/or yeast growth factors. Other substances, which should be present in only
tiny amounts or be absent, include nitrosoamines and hydrocyanic (prussic) acid (Fig.
4.28). Nitrosamines can arise when malt is kilned and oxides of nitrogen are present in
the air. Using modern malting techniques these substances should be nearly absent. The
compound originally attracting interest was N-nitrosodimethylamine (NDMA, (4.85)),
which was formed on the surface of the malt, but other substances, such as N-
nitrosoproline have subsequently been detected. Barley malts contain widely variable
amounts of cyanogenic glycosides, such as epi-heterodendrin (4.86). The amounts
formed during malting are strongly influenced by the barley variety. This compound can
be hydrolysed to glucose and isobutyraldehyde cyanohydrin by the enzyme (-
glucosidase, then the cyanohydrin breaks down to isobutyraldehyde and hydrocyanic
acid. Traces of this acid have been reported in beers, but the levels present are
insignificant. This is not the case in distilleries, when the acid can give rise to urethane
(ethyl carbamate, (4.87)). Some sorghum malts contain very large amounts of dhurrin
(4.88), another cyanogenic glycoside, and in these cases there is a clear risk that
significant levels of hydrocyanic acid (HCN) may reach beers made from them (Briggs,
1998). As with barley the amount of cyanogenic glycoside present in the sorghum malt is
strongly influenced by the variety.

4.4.7 Vitamins and yeast growth factors

Many of the growth factors needed by yeast contain nitrogen (Table 4.19; Fig. 4.29). In
addition to the substances mentioned in this section brewer’s yeast needs some sterols
and unsaturated fatty acids for growth, after periods of anaerobic growth (Chapter 12).
The quantities of vitamins reported in worts vary widely. In part these discrepancies
probably represent real differences and in part are caused by difficulties with the
bioassays used in the estimations. Many of these substances occur combined in various
ways and these may or may not be broken down during mashing and may or may not be
available to yeast. Thus folic acid (4.89) and related compounds occur in various forms,
nicotinic acid occurs (as nicotinamide (4.90)) in the oxidation/reduction cofactors NAD"
(4.54) and NADP", and myo-inositol (4.91) occurs combined with phosphate in phytic
acid (4.156) and in some lipids (e.g. (4.122)). Riboflavin (4.92) occurs in the oxidation/
reduction co-factors flavin mononucleotide (FMN, (4.93)) and flavin adenine dinucleo-
tide (FAD, (4.94)), while thiamine (4.95) occurs as thiamine pyrophosphate.

Malt contains some fat-soluble vitamin precursors (Briggs, 1998), of which the
tocopherols (vitamin E) might be significant, but it is unclear if any of these reach the
hopped wort. The water soluble vitamins are significant (Table 4.19). Although vitamin C
(ascorbic acid (4.96) and dehydroascorbic acid (4.97)) are present in green malt these
materials are destroyed during kilning. Traces of vitamin B, have sometimes been found
in malt, but the significance is unclear. It is not known what alterations may occur to
vitamins and their precursor substances during mashing. At first it seems strange that so
many uncertainties surround these compounds. The reason is probably that the levels
present in conventional worts rarely or never limit yeast growth and fermentation, and so
there is no stimulus for investigating their origins and fates. However, problems with
fermentations have been encountered with high-adjunct, barley brews and these have
been overcome by the addition of yeast extracts to the worts. Various water soluble
vitamins and growth factors are known to be present in these complex preparations and so
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Fig. 4.28 Some amines and other nitrogenous substances found in wort.
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Table 4.19 Vitamins and yeast growth factors in wort (Briggs et al., 1981; MacWilliam, 1968).
The amounts of these factors present in worts are likely to vary considerably with the different
compositions of grists and with differing wort concentrations

Growth factor or vitamin

Reported concentrations

Choline (4.101)
myo-Inositol (4.91) bound
free

Thiamine ((4.95); aneurine; vitamin B))

Riboflavin ((4.92); vitamin B,)

Folic acid (4.89), and related substances

Nicotinic acid ((4.90); niacin)

20-25 mg/100 ml

1-6 mg/100 ml
1.5-3.5mg/100 ml
28-75(155) p1g/100 ml
33-90 p1g/100 ml
10-13 p1g/100 ml
0.8-1.8 mg/100 ml

Pyridoxin ((4.100); pyridoxal, pyridoxamine, vit. Be) 59-105 11g/100 ml
Biotin (4.98) 0.8-1.2 4g/100 ml
Pantothenic acid (4.99) 48-98 1ug/100 ml

these may be partly or wholly responsible for the improved fermentation performance of
the yeast.

4.4.8 Lipids in mashing
Malt contains about 3.5% of lipids and is the major source of lipids in all-malt beers.
Most adjuncts contain less lipid than malt, and specifications often specify the maximum
that any batch may contain. They also contribute some lipid to the wort. Older reports
often quoted low values for lipid contents, because only the non-polar materials were
extracted by the methods then in use. Malt lipids are a complex mixture containing
hydrocarbons, fatty acid esters, sterol esters, esterified steryl glycosides, waxy esters,
monoglycerides, diglycerides and triglycerides, free sterols, free fatty acids, long chain
alcohols, phospholipids, glycolipids, carotenoids and tocopherols (Figs 4.30 and 4,31;
Table 4.20; Anness, 1984; Briggs, 1978, 1998; MacWilliam, 1968; Morrison, 1978,
1988). Brewing science has concentrated on relatively few of these groups of substances.

Using the analysis of fatty acids, the lipid types present in a free wort (as mg fatty
acid/litre) were reported to be: phospholipids+glycolipids 14.8, monoglycerides, 1.7;
diglycerides, 2.8; triglycerides, 15.3; free fatty acids, 28.4; steryl esters, 1.0 and
unknowns, 0.3 (Table 4.21). These analyses do not record lipids lacking fatty acids in
their make-up. Triglycerides (4.102) predominate in malt, but free fatty acids (4.107-
4.113) predominate in the wort. The amounts of lipid extracted into wort is increased by
using better modified malts, finer grinding, higher mashing and sparging temperatures,
thinner mash beds during wort separation, careless and excessive raking in the lauter tun,
by using smaller proportions of adjuncts, and by running off faster, by ‘squeezing’ the
mash to recover residual extract, or by adopting other techniques to maximize extract
recovery. Much of the lipid in a mash is present as oil droplets spread among the grist
particles. In general, more turbid worts carry more lipids and techniques are usually
adopted to minimize turbidity and the amounts of lipid remaining in the wort, even
though their presence can increase the fermentation rate (Chapter 12). Thus the wort is
recirculated through the filter bed until it ‘runs bright’, or it can be filtered through
kieselguhr or centrifuged. The last two treatments are probably not much used on the
production scale.

More lipids are also removed at later stages of the brewing process, for instance,
during wort boiling and clarification, but it is sound practice to obtain the sweet worts as
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Fig. 4.29 Some water-soluble vitamins and yeast growth factors that occur in wort and ascorbic and
dehydroascorbic acids, which occur in green malt.
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Fig. 4.30 Non-polar lipids and fatty acids, with [-sitosterol as an example of a sterol. R.CO.O
represents an esterified fatty acid residue.

bright as possible. Less than 5% of malt lipids are extracted into the sweet wort, the
amount depending on the equipment used and the way it is operated. The amounts of malt
lipids in sweet worts (expressed as % of the lipid in the malt) prepared using a traditional
mash tun, a lauter tun and a traditional mash filter were 0.3%, 1.0% and 4.5%
respectively (Anness and Reid, 1985). In contrast, the new 2001 filter releases relatively
little lipid into the wort (Letters, 1994). In another report the lipid contents of worts
prepared using a deep bed mash tun, a lauter tun, a Strainmaster and a traditional mash
filter were 10, 50, 150 and 400 mg/litre, respectively (Whitear et al., 1983).

Lipids have a number of effects in brewing but there are disagreements about the
details, probably because different criteria and lipid fractions have been used in the
studies (Letters, 1992, 1994; Letters et al., 1986; Isherwood et al., 1977; Wainwright,
1980). Unsaturated fatty acids and sterols (Fig. 4.30) have a beneficial effect on yeast,
improving its fermentation performance, its viability and its resistance to high alcohol
contents, such as occur in high-gravity brewing. These materials can only be produced by
yeast in sufficient amounts under aerobic conditions. When turbid worts, which contain
elevated amounts of lipids, reach the fermenter it is often found that fermentation is
enhanced. It seems that, in the amounts found normally in beers lipids do not influence
gushing. On the other hand the lysophospholipids (such as lysophosphatidyl choline,
(4.23)) complexed with amylose in starch and the lysophospholipids together with the
free fatty acids present in mashes can slow down starch gelatinization and impede
amylolysis and the degradation of complexed dextrins. As the lipid-polysaccharide
complexes do not give positive iodine tests these can be misleading when estimating the
amounts of starch remaining in the spent grains.
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The addition of most preparations of lipids to beer reduces head formation and
survival. The effects are complex, both because different mixtures of lipids have different
effects and because lipid binding proteins (such as LTP1, a 10 kDa albumin) can survive
into beer and ‘mask’ the effects of the lipids. Indeed, LTP1 constitutes a major proportion
of the protein in foam. At least in some combinations, mixtures of different groups of
lipids act synergistically to destroy foam when added experimentally to beer. Possibly
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Table 4.20 Analyses of the lipid classes in two barley malts (Anness, 1984). The results are
expressed as the fatty acids in each fraction per unit dry weight, (mg fatty acids/g dry weight). This
type of analysis does not reveal the presence of lipids that do not contain fatty acids (e.g. free
sterols)

Class of lipid Weeah malt Sonja malt
PHOSPHOLIPIDS (4.116-4.122) 2.4 32
GLYCOLIPIDS

Digalactosyl monoglyceride 0.9 1.1
Digalactosyl diglyceride (4.115) 1.0

Monogalactosyl monoglyceride 0.2 0.1
Monogalactosyl diglyceride (4.114) 0.4 0.7
NEUTRAL LIPIDS

Acylsterylglycosides 0 0
Monoglycerides (4.103) 0.3 0.3
Free fatty acids (4.107—4.113) 2.0 2.2
Diglycerides (4.104, 4.105) 1.0 1.2
Triglycerides (4.102) 19.8 253
Steryl esters 0.3 0.7

Table 4.21 Examples of the major total fatty acids of the lipids found in the grist, the spent grains
and the sweet wort from (A) a mash prepared in a mash tun and (B) a mash separated in a lauter tun
(Anness and Reed, 1985)

Sample Fatty acid composition (%)
16:0 18:0 18:1 18:2 18:3
(4.108) (4.110) (4.111) (4.112) (4.113)
(A)
Grist 21.2 0.8 9.7 58.4 9.9
Spent grains 24.8 1.2 10.1 54.5 9.3
Sweet wort 47.6 5.2 5.9 36.3 49
B)
Grist 20.8 1.0 11.3 57.9 8.9
Spent grains 25.2 0.8 10.5 57.5 6.0
Sweet wort 414 34 5.4 453 4.4

lipid levels in beers are normally so low that their effects on foam are negligible. The
majority view is that the lipids are important, and that it is the lipids in the last runnings
from the mash that are responsible for their ability to reduce foam stability.

Great interest attaches to the effects of lipids on flavour. The concentrations of the free
fatty acids in beer appear to be too low to have direct effects. However, different levels of
free fatty acids can influence the production of esters by yeast during fermentation and so
alter the flavour of the beer produced. The greatest interest is in the effects of lipids on
the flavour deterioration of beer during storage. During mashing some lipid seems to
disappear because it is oxidized, by oxygen dissolved in the mash, to more polar
substances, some of which reach the beer and, during storage, give rise to unsaturated
aldehydes (such as trans-2 nonenal and trans-2, cis-6-nonadienal) which give the beer an
unpleasant, cardboard like flavour. The chain of reactions is complicated (Fig. 4.32).
Lipids are hydrolysed by lipases (lipid hydrolases) and esterases to free fatty acids, a
major proportion of which is linoleic (4.112) and linolenic (4.113) acids, which are
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Fig. 4.32 Possible stages in the oxidative breakdown of the major unsaturated fatty acids during
mashing (after Briggs, 1978; Gardner, 1988). The number of possible products is very large indeed.
It is thought that the unsaturated trihydroxy-fatty acids are the precursors of staling flavour
compounds in beers.

unsaturated. Some of these acids may have been oxidized while still combined in the
original lipid. Malt acrospires are rich in lipases and lipid degrading enzymes. Lipases are
active to some extent during mashing. The unsaturated acids are partly oxidized by
oxygen in the presence of lipoxidase enzymes (LOX, two isoenzymes occur), and perhaps
peroxidase, giving rise to several unsaturated hydroperoxides (4.123). Some autoxidation
may also occur, but it seems that enzyme-catalysed oxidation is the most important, and
this may be reduced by reducing the mash pH from 5.5 to 5.0 (Kobayashi et al., 1993).
The diene and triene systems of linoleic (4.112) and linolenic (4.113) acids are very
readily oxidized.

Under the influence of hydroperoxide isomerases (which are relatively heat stable) and
other enzymes a complex mixture of substances is formed, including saturated and
unsaturated aldehydes and aldehyde acids, ketols, cyclic compounds, epoxyhydroxyacids
and trihydroxyfatty acids, including various trihydroxyoctadecenoic acid isomers (Fig.
4.32). The aldehydes contribute to a cardboard flavour, but most of these substances are
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lost by evaporation during the hop-boil and the rest are reduced to the corresponding
alcohols by the yeast. These alcohols are not oxidized during beer storage and they are
not the source of the ‘staling aldehydes’ in beer. It seems that these arise, by some
unknown mechanism, from the various unsaturated trihydroxyacids which are not
retained in the mash, are easily water soluble and which survive into the beer (Moller-
Hergt et al, 1999). The trihydroxy fatty acids have foam-collapsing properties.
Increasingly, ways to minimize oxidation during mashing are being sought, to minimize
the formation of precursors of ‘off-flavours’. Minimum quantities of fatty acid-containing
lipids are extracted from mashes made at 62—64°C (143.6—147.2°F). The amounts
extracted from mashes made at 68 °C (154.4 °F) are roughly double those extracted from
the cooler mashes (Forch and Runkel, 1974).

4.4.9 Phenols

Cereal grains contain complex mixtures of phenols and polyphenols. Barley grain and
malts have been most studied, but sorghum phenols have also been studied, especially in
dark-grained, ‘birdproof’ cultivars. Barley and sorghum seem to be alone among the
cereals in possessing polymeric flavanols. The phenols in barley vary widely in their
complexity. Compounds such as tyrosine (4.48), tyramine (4.68) and hordenine (4.83) are
present as are a range of phenolic acids. These may be divided into two groups, the
substituted benzoic acids and the substituted cinnamic acids (Fig. 4.33; Briggs, 1998;
McMurrough et al., 1984; 1996). Of the benzoic acids vanillic acid (4.127) is the most
abundant in wort, while of the cinnamic acids ferulic acid (4.131) is the most abundant in
malt (Table 4.22). The acids occur free and in combination, apparently as esters (as in
chlorogenic acid (4.133) and glycosides). Ferulic acid occurs free and attached to some
arabinose residues in pentosans and it is released into wort during mashing, with an
optimum temperature of about 45°C (113 °F). During boiling or under the influence of
some bacteria and wild yeasts some ferulic acid is decarboxylated to yield 4-vinyl
guaiacol (4.134) a substance which in most beers confers an undesirable flavour.
However, in wheat beers the presence of this substance is desirable. In some barleys, and
their malts, coloured anthocyanin pigments (delphinidin (4.135), cyanidin (4.136) and
perhaps pelargonidin (4.137)) occur, either free or as glycosides, but these substances
seem to have no significance in brewing.

Table 4.22 The concentrations of the major phenolic acids in an unboiled lager wort (McMurrough
et al., 1984)

Benzoic acid derivatives Concentration (mg/litre)
Gallic acid (4.125) 0.1
Protocatechuic acid (4.126) 0.5
4-Hydroxybenzoic acid (4.124) 0.6
Vanillic acid (4.127) 1.4
Syringic acid (4.128) 0.6

Cinnamic acid derivatives
Caffeic acid (4.130) 0.1
p-Coumaric acid (4.129) 0.6
Ferulic acid (4.131) 1.3
Sinapic acid (4.132) 0.4

TOTAL 5.6 (mg/litre)
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OH
OCH3;
CH=CH,
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HO COOH ( ) vi9
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OH
HO O:-CO-CH=CH @OH
OH

(4.133) Chlorogenic acid
(3-Caffeoylquinic acid)

Fig. 4.33 Substituted benzoic and cinnamic acids and some related compounds that occur in sweet
wort.

Of more significance are the colourless flavan-3-ols ((+)-catechin (4.138), (-)-
epicatechin (4.139), (+)-gallocatechin (4.140) and epigallocatechin (4.141)) and related
polymeric materials (Fig. 4.34). These four monomeric substances are not proantho-
cyandins. In contrast, polymeric flavan-3-ol materials give rise to anthocyanin pigments
when heated in acidic butanol in air. At first this was thought to be because they were
monomeric flavan-3,4-diols, and so they were called leucoanthocyanins. This is not
correct and at present they are usually called anthocyanogens by brewers and
proanthocyanidins by chemists. As analytical methods have improved so the great
complexity of this group of substances has been recognized. In a recent study dimers (7),
trimers (19), tetramers (23), and pentamers (7) were recognized (Whittle et al., 1999),
and this total, of 56, may well increase as analytical methods are further refined. An
example of a prodelphinidin pentamer (4.145) is shown in Fig. 4.35. In addition to the



(4.138)

(4.140)

(4.142)

(4.143)

(4.144)

4 The science of mashing 159

OH OH
HO O~ OH HO SN OH

\OH (4.139) “OH
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Prodelphinidin B '~
(gallocatechin — catechin) 3

Fig. 4.34 Flavanols, including some that occur in sweet worts.
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A-prodelphinidin pentamer

(4.145)

Fig. 4.35 The formula (ignoring the stereochemistry) of a pentameric proanthocyanidin
(anthocyanogen) from wort (Whittle et al., 1999). The composition may be represented as
g-g-c-c-c, where g and ¢ are gallocatechin (4.140) and catechin (4.138) units respectively.

number and identity of the constituent monomers the structures are complicated by
differences in stereochemistry, as illustrated by the dimers procyanidin B, (4.142),
procyanidin B (4.143) and prodelphinidin B; (4.144). Concentrations of some flavans in
barley malts are catechin (4.138) 25—75 mg/kg; prodelphinidin B (4.144), 186—362 mg/
kg; procyanidin B3 (4.143), 130—276 mg/kg and 4 trimers, 336—671 mg/kg. (McMur-
rough and Delcour, 1994).

Malt polyphenols are partly dissolved and partly destroyed during mashing with pale
malts chiefly, it is thought, by oxidative reactions mostly catalysed by peroxidase,
perhaps with contributions from catalase and polyphenol oxidase. The nature of the
phenolic material in wort is influenced strongly by how strongly the malt has been kilned,
the availability of oxygen during mashing and the mashing programme. Mashing or
sparging at elevated temperatures extracts more polyphenol into wort. Polyphenols are
largely destroyed in experimental mashes made with green malt, and mash aeration or
additions of hydrogen peroxide are most effective at removing anthocyanogens if the
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malt has been only lightly kilned. Additions of small amounts of formaldehyde to mashes
reduces proanthocyanidin levels greatly, probably by linking them to proteins in the mash
(Macey, 1970; Macey et al., 1966). Similar results are obtained by mashing with malts
prepared by steeping or re-steeping barley or washing sorghum in dilute solutions of
formaldehyde (Briggs, 1998). All these treatments were tested or used to reduce
proanthocyanidin levels in beers, giving them greater resistance to haze formation, but
their use has been generally discontinued. During wort run-off the mixture of phenolics
alters in composition and this can be of significance (Woof and Pierce, 1966). If the pH of
the sparge is allowed to increase more phenols are extracted into the wort, which is
undesirable.

When phenols are oxidized they polymerize and give rise to red-brown coloured
substances, called phlobaphenes. Some phenols have tanning properties (that is they bind
to proteins and may precipitate them), and all of them are potentially involved in beer
flavour. However, reports on their significance conflict. Phenolics are credited with
altering the astringency, the mouth-feel and the after-taste of beers. However, the
proanthocyanidins are the major ‘tannins’ in malt and it is believed that tannins are
responsible for astringency, yet beers made with malts from mutant barleys and hop
extracts, both lacking proanthocyanidins, are said to have the same flavour as beers made
from ‘conventional’ barleys. Also the removal of proanthocyanidins from beer by
adsorption on to PVPP (insoluble polyvinyl polypyrrolidone) is reported to have little
effect on flavour. Some phenols have antioxidant effects, that is, they block the oxidative
reactions of other substances, at least sometimes by destroying free radical intermediates.

The significance of malt phenol’s antioxidant properties in brewing is unclear. Many
of the o-diphenols should readily oxidize to o-quinones (Briggs, 1998), which will readily
react with many other substances. The interactions during brewing between phenolics and
proteins are certainly important. Malts made from many birdproof sorghums are so rich in
phenolic tannins that during mashing many of the enzymes are inhibited and conversion
is insufficient. In mashes, and indeed in wort, there is a partition of proanthocyanidins
between being free in solution, being bound to soluble proteins and being bound to
insoluble proteins. The associations may be reversible, as in chill hazes, or may be
irreversible, as in permanent hazes. More phenolics are extracted from well-modified
malts during mashing because, it is supposed, less insoluble protein remains in the grist
and so a smaller proportion of phenolics are bound. Hops also contribute polyphenolics to
wort.

4.4.10 Miscellaneous acids

Worts contain a wide range of aliphatic acids, in addition to fatty acids (Fig. 4.30), mostly
in small amounts. These include several saturated and unsaturated, low molecular weight
fatty acids (C¢—C,(), mesaconic/laevulinic acid, pyruvic acid (4.146) a-ketoglutaric acid
(4.147), fumaric acid (4.148), succinic acid (4.149), lactic acid (4.150), oxalic acid (4.151),
malic acid (4.152), citric acid (4.153), kojic acid (4.154) and gluconic acid (4.155). Most of
these are well-known intermediary metabolites (Fig. 4.36; MacWilliam, 1968; Moll, 1991).
The significance of these substances is usually unclear, although they must contribute to the
pH buffering capacity of the wort and most can probably be metabolized by yeast.

Two of these materials are of particular interest. Lactic acid ((4.150) a mixture of the
D- and L-isomers) arises from the malt and the microbes on its surface. Under some
conditions excessive production results in malts that give too acid mashes. Sometimes
lactic acid is deliberately added to mashes (as acidified wort, or as acid malt) to reduce
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Fig. 4.36 Formulae of some of the organic acids present in worts.
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Table 4.23 The concentrations of some inorganic ions in various sweet worts (A, Miandl, 1974; B,
Rudin, 1974; C, Moll, 1991).The all-malt worts in column A were adjusted to a concentration of
12%. The worts in column B were made with and without adjuncts

Ionic species Concentrations (mg/litre)
A B C

Potassium, K" 522 310-770 300-700
Sodium, Na* 25 11-112 10-100
Calcium, Ca** 39 40-62 40-100
Magnesium, Mg>* 130 - 100-150
Copper, Cu** 0.08 0.12-0.13 0.1-0.2
Iron, Fe** (ferric) 0.08 0.23-0.37 0.1-0.3
Manganese, Mn>" (manganous) 0.13 - 0.1-0.2
Zinc, Zn** 0.12 0.07-0.16 0.1-0.3

the mash pH in a controlled fashion. Worts also contain oxalic acid (4.151). This, the
simplest dicarboxylic acid, has a strong affinity for calcium ions and readily forms
crystalline precipitates of calcium oxalate. If formed late in the brewing process this can
give rise to oxalate haze and the crystals can form nuclei for the release of carbon
dioxide, so potentiating gushing (over-foaming) in beer. During fermentation calcium
oxalate can be deposited on the walls of the fermentation vessel as beer stone. Malted
barleys can contain 5.6—22.8 mg oxalic acid/100 g dry matter while for malted wheats the
values may be 22.1—-50.3 mg/100 g (Narziss et al., 1986). Presumably much of this is
precipitated in the mash when the liquor contains a sufficient concentration of calcium
ions. Since oxalate is potentially toxic it is desirable to reduce its concentration to a low
level.

4.4.11 Inorganic ions in sweet wort

Some 1.5—2.0% of wort solids are materials which, after evaporation and combustion,
remain in the ash. Of these the inorganic ions originate in the brewing liquor (Chapter 3)
and in the grist materials, both the malt (around 2—3% ash) and the adjuncts (1 —3% ash).
Small amounts of ions (copper, iron, nickel, tin, zinc, etc.) may be picked up from the
brewing plant. Later contributions may come from the copper adjuncts and hops. The
proportions of the most important ions vary (Table 4.23). Sulphur may be present as
sulphate (200—400 mg/litre), in amounts that vary widely with the nature of the brewing
liquor. Sulphur also occurs in organic combinations in the amino acids methionine (4.41),
cysteine (4.31) and cystine (4.32), the tri-peptide glutathione (y-glutamyl-cysteinyl-
glycine), coenzyme A, mercaptans, as well as hydrogen sulphide and sulphite ions.
Chloride ions (40-500 mg/litre) and phosphate ions (500-900 mg/litre) also occur
(Briggs, 1998; Lee, 1990; MacWilliam, 1968; Moll, 1991).

Little phosphate comes from the brewing liquor, except where phosphoric acid or acid
phosphate salts have been used for pH adjustment. Most comes from the grist and may
originate from nucleic acids, nucleotides, phospholipids (Fig. 4.31), and especially myo-
inositol hexaphosphate (phytic acid, 4.156), of which there may be 0.6-0.9% in the dry
malt (Lee, 1990). Phytic acid is a strong chelating agent, and binds copper, iron and zinc
ions as well as calcium ions. This material undergoes some hydrolysis during mashing,
inorganic phosphate being removed sequentially from successively lower phosphate
esters until free myo-inositol (4.91) is released. The extent of phytate hydrolysis is
dependent on the level of the enzyme (or enzymes) with phytase activity remaining in the
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Table 4.24 The ionic compositions (mg/litre) of a brewing water, a sweet wort made with it and
the beer (Rudin, 1974)

Liquid Ca®" Mg  Na' K CI- S0} PO}~ HCO*
Brewing liquor 169 36 55 6 247 205 - 165
Wort (12 °Plato) 165 127 101 550 450 338 846 -
Beer (12 °Plato,

original gravity) 168 113 110 440 420 330 520 -

malt after kilning and the temperature programme used in mashing. Lightly kilned malts
may contain about a quarter of the enzyme originally present, while ale malts may
contain little active enzyme. The pH optimum of the enzyme is about 5, and the optimum
temperature is 45—50 °C (113—122 °F). The interactions between phosphates and calcium
ions contribute to the desirable fall in pH which occurs during mashing (Chapter 3).
Usually about two-thirds of the phosphate in sweet wort is inorganic phosphate.

It seems that usually wort provides all the necessary inorganic ions that yeast requires
for sound fermentations, with the occasional exception of zinc (Donhauser, 1986; Jacobsen,
1986; Lie et al., 1980). Because not all the ash components are extracted during mashing
the ionic composition of the sweet wort is not the simple sum of the ions initially present in
the grist and the mashing liquor (Table 4.24). Less than 5% of the zinc (or copper or iron)
present in the grist is dissolved during mashing, and the proportions dissolved can be very
variable. Of the zinc present in the wort only a proportion is available to yeast, presumably
because the remainder is chelated or otherwise bound to other substances. Consequently
simple analyses of wort zinc contents are unreliable for predicting zinc deficiency.
Probably a 12% wort should contain at least 0.08 and preferably 0.1—0.2 mg Zn/litre to
ensure a good fermentation. Where permitted, traces of a soluble zinc salt may be added to
the wort. Where this is not permitted the use of well-modified malts and carefully acidified
mashes reduce problems of zinc deficiency, as does the use of mashing equipment with
metal components from which traces of zinc can dissolve.

4.5 Mashing and beer flavour

Malts and other components of the grist influence beer flavour. However, the
relationships are extremely complicated. During mashing flavoured substances are
extracted into the wort. Some will be destroyed or partly or wholly lost during the hop-
boil, while other ‘flavour precursors’ will be converted into flavoursome substances, and
others will reach the fermenter unchanged. The yeast may then metabolize many of these
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substances altering their flavours. Some malt flavour substances, such as vanillin and (-
phenyl ethanol, partly occur combined as (-glycosides. During mashing they can be
released by hydrolysis, catalysed by (-glucosidase. In addition, oxidative changes
occurring to the lipids during mashing can give rise to precursors of staling flavours. The
‘redox state’ of the beer has an influence on the rate of flavour deterioration and haze
formation (Bamforth et al., 1993, 1997; Briggs, 1998; Moir, 1989; Van Den Berg and
Van Eerde, 1982). It can be advantageous to exclude oxygen from the mash and
subsequently, during the production of hopped wort.

Higher levels of ‘anti-oxidant’ substances in the beer retard deterioration processes.
These agents, which originate in the grist, seem to work in different ways. They compete
for oxygen by being oxidized themselves, or they inhibit enzymes catalysing oxidations,
and/or they ‘scavenge’ free radicals. Anti-oxidants include sulphite and bisulphite ions,
polyphenols and reductones, which are ene-diol substances resembling ascorbic acid
(4.96), which are formed during Maillard reactions. These compounds are found in dark
malts, which have long been known to have flavour-stabilizing properties. Many
hundreds of potentially active flavour substances are derived from malts or adjuncts and
include aldehydes, ketones, amines, thiols and other sulphur-containing substances,
heterocyclic oxygen-, nitrogen- and sulphur-containing substances and phenols. Sparging
may extract unwanted flavours. Moderating sparge temperatures, for example up to 75 °C
(167 °F), and keeping the pH low, e.g., to 5.5, improves beer flavour and stability.

A substance that has attracted particular interest is dimethyl sulphide (DMS, (4.158)
Fig. 4.37; Dickenson, 1983). In some European lagers appreciable levels of this substance
are desirable while in some other beers its absence is preferred. The precursor of this
highly volatile material is S-methyl methionine (SMM, 4.157), a sulphonium compound
formed by the metabolic methylation of methionine (4.41) in the malt. This substance is
heat labile and so will only survive in malt if this is lightly kilned. Some is decomposed to
DMS and homoserine (4.159) and the DMS produced is mostly lost with the kilning air.
Some is oxidized to the less volatile dimethyl sulphoxide (DMSO, 4.160). More SMM is
decomposed during the hop-boil. Surviving DMS, SMM and small amounts of DMSO
reach the fermenter. Yeast may reduce the DMSO to DMS. Thus the level of DMS
present in a beer depends on the malt used and the details of the production process.

CH; 4 ° CH, _
_SCH,;CH,.CH-COOH ~ +OH —> S + HO-CH,-CH,-CH-COOH
CH ' CH '
s NH, 3 NH,
S-Methyl methionine (SMM) (4.158) Dimethyl Homoserine
sulphide (DMS)
(4.157) (4.159)

Oxidation ﬁ Reduction

CH,”
Dimethyl sulphoxide (DMSO)
(4.160)

Fig. 4.37 The formation of dimethylsulphide ((4.122), DMS) from S-methyl methionine ((4.121),
SMM, the DMS precursor, DMS-P) and the interconversions of DMS and dimethylsulphoxide
((4.123), DMSO).
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4.6 Spent grains

At the end of every mash a brewer has a load of spent grains or draff, which must be
disposed of. Of the original grist some 17—22% of the original dry matter remains,
about 18—20 kg fresh weight/hl beer produced. This material is wet and, depending on
the mashing system employed, contains up to 80% water. Liquid from this wet
material is turbid and represents an effluent that, because of its high BOD, is costly to
dispose of if directed to drain (Chapter 3). Obtaining representative samples of the
spent grains is difficult, because of inhomogeneities in the filter bed, but they should
be investigated to evaluate the mashing process. It is desirable to determine their
content of residual extract (which is inversely related to extract recovery in the wort),
and residual starch which, ideally, would have been converted during mashing. In
addition inspection of the solids shows how well milling has been carried out and to
what extent husk material has remained intact. The wet grains may be squeezed to
remove some liquor (minimizing drainage and handling problems) and the squeezed
draff may be dried with hot air. Drying is unusual as it is costly (Chapter 3). Often the
squeeze liquor is returned, with or without treatment, to the process stream to recover
the extract.

The composition of the spent grains depends on the grist used, the mashing
programme and the recovery of the extract (Table 4.25). Relative to the malt, spent grains
are enriched in protein, fibre, ash and lipid. Their major use is as a valuable feed for
ruminants. They may be fed directly or after ensilage. As they deteriorate rapidly draff
should be removed from the brewery as quickly as possible, to prevent their becoming a
source of undesirable organisms. It has been suggested that they should be treated with a
preservative, such as propionic acid, to minimize decomposition. Other actual or
proposed uses for spent grains are inclusion in mushroom compost, and use as a substrate
for the cultivation micro-organisms, for example filamentous fungi for feeding pigs. The
draff might be fed to the pigs directly, after the mechanical removal of the fibre. After
composting the spent grains might be used for turf management or as a horticultural soil
conditioner. It has also been proposed that the grains be digested with enzyme
preparations to produce extra ‘wort’ to use in the brewery or as a culture medium for
other microbes.

Table 4.25 The composition and nutritive value (for sheep) ranges of brewers’ wet spent grains
(Briggs et al., 1981). The values in parentheses are the digestible amounts. Metabolizable energy =
digestible energy x 0.81

Mean Range
Dry matter (%) 26.3 24.4-30.0
Crude protein (%) 23.4(18.5) 18.4-26.2(13.9-21.3)
Crude fibre (%) 17.6(7.9) 15.5-20.4 (6.6-10.2)
Ether extract (%) 7.7(7.7) 6.1-9.9 (5.6-9.2)
Total ash (%) 4.1 3.6-4.5
Digestible energy (mJ/kg dry wt.) 13.8 13.0-14.8
Gross energy (mJ/kg dry wt.) 21.4 21.1-21.8
DOMD* in vivo (%) 59.4 55.2-64.3
DOMD¥* in vitro (%) 48.6 44.8-51.5

* DOMD = Digestibility of organic matter (dry).
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The preparation of grists

5.1 Intake, handling and storage of raw materials

Malts and mash tun adjuncts may be delivered by road, rail or, more rarely, water. For large
breweries deliveries are in bulk, but for smaller ones deliveries may be in sacks varying in
weight from about 25 kg. to 1t. The largest sacks are handled with fork-lift trucks. Lorries
generally carry loads of 20-25t, while American railway wagons carry about 68—82t of
malt. Some small breweries receive their malt ready ground. Before a load is accepted it
should be checked to ensure that it is of the correct quality. Visual inspection and rapid tests
on malt should indicate that the colour, moisture content, nitrogen (protein) content, flavour,
aroma, friability, homogeneity and range of corn sizes are correct and that the load is free
from insects and the corns are not unduly damaged (Briggs, 1998; Kunze, 1996; Narziss,
1992; Nicol and Andrews, 1996; Rehberger and Luther, 1994; Sugden et al., 1999).

Different types of malt and adjuncts must not be allowed to mix, either during handling
or subsequent storage. Each load is weighed, for example, by weighing each lorry on a
weighbridge before and after unloading, and during movements within the brewery. While
mechanical handling can be used for malts and many adjuncts, flours must be moved using
pneumatic equipment. Many different arrangements of equipment are used in dry-goods
handling (Fig. 5.1). In the UK lorries usually discharge by tipping their loads into a
reception pit which is sheltered from the weather and is aspirated to remove dust.

Handling is with equipment that damages the material being moved as little as
possible and so causes minimal losses and generates least dust. Usually the machines
used are belt and bucket elevators, and screw, drag, chain-and-flight or en masse
conveyors (Briggs, 1998). All these should be aspirated to remove dust, which is usually
collected at a central point. Initially, malt is often roughly screened (sieved) to remove
coarse and fine impurities, and is passed over magnetic separators (of fixed or revolving
magnet types) to remove fragments of metal. Sometimes the malt is separated from
‘heavy contaminants’ by passing it through a transverse airflow, which deflects the
comparatively light malt while allowing denser objects to continue falling downward, to
be collected separately. The removal of metal items (‘tramp iron’) and subsequent de-
stoning are necessary to reduce wear on conveying equipment and the brewery mills and
to reduce the risks of sparks which can lead to fires or explosions.
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In British breweries malt, as now delivered, often meets such tight specifications that
preliminary screening is not needed. Grist materials, and especially malts, are
hygroscopic and efforts are made during handling and storage to prevent them picking
up moisture by contact with water or from the air and so becoming ‘slack’. Pneumatic
conveyors may function on positive or negative (‘suction’) pressures. In positive-pressure
systems a blower forces air along fixed or flexible pipework and malt or other material is
introduced into the airstream from hoppers, via air-tight, rotating valves. The material is
swept along and is recovered from the airstream in expansion chambers and cyclones.
The material drops out from the slower airflow into a receiving hopper. Dust is separated
from the air, using cyclones and textile filters, before escaping from the building. Modern
filters are self-cleaning and occasional backflows of air dislodge the dust caked onto the
filter sleeves, allowing it to fall into a reception hopper, from which it is removed through
a valve. Negative-pressure systems work under suction so that material is sucked into the
system. This is convenient for unloading rail wagons and barges and is also advantageous
in that dust does not leak and escape. This type of conveyor can form part of the main
dust collection system. The ‘used’ air passes through cyclones and dust filters before it
reaches the pump that provides the suction. Some grain-cleaning equipment re-circulates
air, preventing the dust escaping and collecting it in the machine.

Handling dry goods always generates dust. This is heavily infested with microbes and
their spores and, mixed with air in a range of proportions, is highly explosive. It is
estimated that 0.4—1.4% of malt delivered to a brewery is damaged and converted into dust.
Intake hoppers, conveyors, elevators, stores, screens, de-stoners and dry mills should all be
ventilated and the aspirating air directed to the dust-collection system. The dust is usually
mixed with the spent grains and sold. Less usually it may be discarded or destroyed. Dust
from malt and adjuncts is rich in starch and may be added into mashes. Dust, either in or
around equipment such as mills and conveyors, should not be allowed to accumulate as it
becomes damp and microbes and insects multiply on it. Dust must be kept away from the
brewing plant as the microbes in it can initiate beer spoilage. In addition it constitutes a
health risk, giving rise to skin allergies and lung infections. Dust explosions can be highly
destructive and life-threatening. Rigid rules of behaviour and the use of well-designed
equipment must be used to minimize the risks. Dust containment and removal are essential.
Explosions may be initiated by sparks or flames and so stones and tramp iron are removed
from malt and adjuncts, smoking and the use of flames (e.g. welding torches) is forbidden
and all equipment is earthed or ‘grounded’ to discharge static electricity safely and avoid
sparking. Sensors are mounted on bearings to detect increases in temperature, which
indicate poor lubrication, wear and the risk of initiating a dust explosion.

Overloaded equipment is automatically closed down. Silos have dust-sealed lighting and
silos and ducts are fitted with physically weak explosion relief hatches that will burst on a
sudden pressure rise and will allow the explosion to vent in a comparatively safe way. This
reduces the force being transmitted through the ducting and so reduces the chance of
secondary explosions and other damage remote from the initial explosion site. Some pieces
of equipment, such as dry mills, are fitted with devices which, when triggered, release an
inert gas and quench explosion flames. The three most common sites of explosions in
breweries, in decreasing order, are bucket elevators > silos > mills. As with all equipment,
the dust-collection system should be inspected regularly, and be cleaned and maintained.

Malts and adjuncts are stored so that they do not become damp and ‘slack’ and they
are protected from birds, rats, mice and insects. Storage is costly, and so it is desirable to
have as small stocks as are considered prudent. In practice, breweries may carry stocks
sufficient to allow from three days’ to three weeks’ production. In smaller or older
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breweries the malts and adjuncts may be stored in sacks, traditionally in a room above the
mill room. Usually malt is stored in bulk in bins or silos. These are usually of steel or
concrete, with smooth internal surfaces with conical bases having a valve at the bottom to
allow metered unloading, under gravity, into a conveyor. Different materials have
different angles of repose and they need different valley angles in the tapered or conical
bases to allow them to flow freely (see Appendix).

There is a tendency for flowing, granular material to segregate by size and density. To
avoid this stores should be unloaded using ‘bulk flow’ systems that avoid funnel flow.
This can be achieved using suitable vessel designs (Farnish, 2002). Flour is often slow to
flow, and it may be necessary to have a vibrating cone or a mechanical device (such as an
arch-breaker) in the cone to encourage movement. Silos are loaded by conveyor from
above and are equipped with hatches and manways to allow inspections and cleaning.
Level-detecting devices determine the approximate levels of the contents and prevent
over-filling. They should contain thermometers to detect any temperature rises that give
warning of the onset of spoilage. It is good practice to use old stocks first and never to
mix old and new stocks. Each storage container should be completely emptied in turn,
and be cleaned and, if necessary, fumigated before being refilled. If grist materials must
be treated to control insects this must be done using only fully trained staff, using an
approved insecticide or fumigant at a permitted dose rate.

Batches of malts or adjuncts and grists are weighed as they are moved around in the store,
or to or from the mills. The records of the weighings are used to check on losses, that the
correct mixtures of materials enter each mash, and that the yield of extract from each mash is
acceptable. Electronic and mechanical weighers and load cells are in use and some are
capable of high degrees of accuracy. In many weighers the malt, or other material, flows
from above into a weighing container. When the chosen weight is approached the flow-rate
is reduced and as the weight is reached the flow is stopped. The weighing container then
empties from the base into a receiving buffer hopper. When it is empty the base closes and
refilling is resumed. Weighing is recorded as the number of fillings that have taken place.
Sometimes hoppers and other containers, such as grist cases, are mounted on load cells,
which indicate the weight of the contents. Load cells can be mounted under conveyors to
measure the weight of material continuously as it is being conveyed. While older weighers
were perhaps accurate to 2% new machines, using load cells, can be good to £0.1%.

Before the grist materials reach the mill they may be screened again, removing all
items larger or smaller than malt corns. They will pass over a magnetic separator and they
should pass through a de-stoner and/or a ‘heavy object separator’ and be aspirated. In de-
stoners a thin stream of malt flows slowly onto the upper end of an inclined screen. Air
passes up through the screen at such a rate that the malt ‘floats’ and flows downwards,
being collected at the base. Heavier objects, such as stones, are not lifted and rest on the
screen. This has a jerking motion that moves the stones up the screen and over the upper
edge into a collector (Briggs, 1998).

When mixtures of different grist materials are to be used they must be moved to the mills
and the grist case, bypassing the mill in some cases (as when wheat flour is used), in the
correct proportions and at the correct rates so that the correct grist, well mixed, is supplied
when mashing in occurs. ‘Dry goods handling’ is controlled from a central point, where the
states of the stores, whether equipment is running and the states of processes are monitored
and controlled often with a mimic display or, increasingly, through a computer. Each system
has built-in safety and warning devices (Bhaduri, 1996). For example, when the flow of malt
from a silo to the mill is switched off the valves, conveyors, elevators, etc., are switched off
in sequence, beginning at the silo, so each unit is emptied of malt before it stops running.
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Start up is in the reverse order. For safety and effective operation all the staff must be well
trained. Checking and maintenance of the equipment must be carried out regularly. Safety is
also dependent on the layout of the plant and this and the way it is operated must meet high
design standards and local regulations.

5.2 The principles of milling

The objective of milling is to break up malt and adjuncts to such an extent that the greatest
yield of extract is produced in the shortest time in the mashing equipment in use. With
most wort separation systems it is desirable to keep malt husk as intact as possible, to help
maintain an open filter bed that favours wort separation. No unbroken grains should
survive milling. Only comparatively coarse grists can be used in mash tuns. If the grist is
too fine (has too high a proportion of small particles) the wort will not separate from the
spent grains. Finer grists can be used in lauter tuns and still finer grists in mash filters. A
‘best practical’ grist, with an optimal mixture of coarse, fine and very fine particles, is
determined for each mashing system. Optimal milling is not simple to achieve. Mill
settings need to be altered for adjuncts or malts differing in their degrees of modification
(badly modified malts should be milled to a finer grist, well modified malts readily
shatter), and quite small differences in moisture contents alter the effectiveness of milling
using one mill setting (Crescenzi, 1987). Sometimes different mills are used for malt and
for adjuncts, or for pale malts and coloured malts. In other cases adjuncts, such as torrified
barley or wheat, flaked cereals, and roasted barley, may be milled mixed with the malt(s).

The term ‘grinding’, for milling, comes from the days when malt was ground between
millstones, and the ground material is still termed ‘grist’. This should be distinguished
from grain particles, present in grists, which are termed ‘grits’. Milling systems may use
roller milling, impact milling with disc- or hammer-mills, and wet milling. Properly, none
of these modern mills ‘grinds’ the malt. Roller milling (dry or conditioned), giving
comparatively dry grists, is the most usual. These grists are evaluated by inspection, by
sieve analyses and sometimes in laboratory mashes. A grist should be uniform in
appearance, be free from taints and insects or other contaminants and should not contain
any whole grains or large grain pieces that indicate that part of the grist has not been
effectively milled.

Sieve analyses should be used regularly to check that a mill’s performance is not
drifting. The most commonly used sets of sieves are the Pfungstadt plansifter (EBC), the
MEBAK sieves and the sieves of the ASBC (Table 5.1). A sample of grist is loaded onto
the top of a set of horizontal sieves, which is shaken mechanically for a fixed period of
time. The percentage, by weight, of the grist retained on each, successively finer sieve is
then determined. By convention the sieve fractions are given names (Table 5.1), but the
fractions are not ‘pure’ so, for example, the ‘husk’ fraction contains tissues from the rest
of the malt grains and husk tissue occurs in the other fractions. Furthermore, the grist
fractions from a malt milled in different ways are likely to have different compositions.
The results in Table 5.2 show that starch is present in the ‘husk’ fractions proving
contamination with endosperm material while the distribution of fibre in all the fractions
suggests that at least traces of husk occur in all of them. The variable extract yields and
qualities obtained when different fractions of a grist are mashed has often been noticed
(Hind, 1950; Narziss, 1992; Stubits et al., 1986; Table 5.3). It has been suggested that
different beers could be produced by combining the fractions in different proportions in
the mash (e.g. Isoe et al., 1991), or that beers should be made with husk-depleted grists or
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Table 5.1 Details of the sieves used to characterize grists. The names given to the fractions do
NOT indicate that these are morphologically pure grain fractions. The composition of the fractions
changes with the type of milling employed. The American Society of Brewing Chemists (ASBC)
and the European Brewery Convention (EBC) (Pfungstadt) sieves are significantly different and the
MEBAK sieves are different again (see footnote). All dimensions are in millimetres

ASBC EBC
Sieve Mesh  Fraction Sieve Wire Mesh Fraction
number width  name (Pfungstadt) thickness ~ width name

(mm) number (mm) (mm)

10 2.000  Husk 1(16) 0.31 1.270 Husk
14 1.410  Husk 2(20) 0.26 1.010 Coarse grits
18 1.000  Husk 3(36) 0.15 0.547 Fine grits |
30 0.590  Coarse grits  4(85) 0.07 0.253 Fine grits II
60 0.250  Fine grits 5(140) 0.04 0.152 Flour
100 0.149  Flour Tray (through) — - Fine flour
Pan (through) - Fine flour

The MEBAK screens I, II, III, IV and V have mesh widths (mm) of 1.25, 1.00, 0.5, 0.25 and 0.125.

Table 5.2 The analyses of ASBC sieve fractions of Larker malt milled with a 5-roller Biihler-
Miag malt mill (data of Stubits et al., 1986). Grist samples (100 g) were mashed with a liquor/grist
ratio of 3/1. The mash programme was 45 °C/67 min., then a temperature rise of 1 °C/min. to 69 °C,
a hold for 35 min., then a rise to 72°C

Sieve Starch Protein Fibre Wort Viscosity
number (%) (%) (%) (°P) (relative)
10 50.1 12.0 7.1 16.6 2.07
14 56.1 13.8 4.1 19.1 2.60
18 63.4 11.6 35 20.9 2.62
30 54.9 134 3.7 20.4 2.50
60 47.1 154 5.2 19.8 2.44
100 49.4 17.7 43 20.1 241
Pan 69.9 11.8 1.9 21.7 2.54

Table 5.3 Analyses of a malt grist and the Pfungstadt sieve fractions 1-6 of that grist (data of
Narziss and Krauss, via Narziss, 1992)

Analyses Entire  Husks Coarse Fine Fine Flour Fine

grist (1) grits (2) grits I (3) grits II (4) (5) flour (6)
Proportions (%) 100 27.6 15.3 22.9 13.2 6.6 14.4
Extract (%)* 80.2 64.4 79.5 87.9 84.2 83.3 96.8
Saccharification

time (min.) 9 8 9 8 9 10 12
Fermentation

limit (%) 80.9 77.3 78.0 82.0 82.5 80.9 83.2
Protein (%)* 11.1 12.4 11.9 10.6 114 13.4 7.6
TSN (mg/100 g)* 711 584 681 705 847 854 526
Viscosity (mPa.s,

8.6% wort) 1.515 1.534 1.463 1.481 1.443  1.467 1.407
DP (°W.-K) 302 225 323 361 347 327 250
a-Amylase (ASBC) 40 32 44 51 48 47 36
Tannoids (mg PVP/

100 g)* 22 12 32 20 21 24 12
Colour (°EBC) 33 4.7 2.8 2.5 2.8 2.8 1.3

TSN, total soluble nitrogen. D P, diastatic power. PVP, polyvinyl pyrrolidone. * Dry weight basis.
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Table 5.4 EBC/Pfungstadt sieve analyses (% in each fraction) of all-malt grists suitable for
different mashing systems (Kunze, 1996; Narziss, 1992; Sugden et al., 1999)

Sieve  Mash tun Lauter tun Mash filter (conventional) Thin-bed filter
a b a b c a b
1 27 18 18-25 11 812 10-12 1 1
2 9 8 <10 4 3-5 4-6 4 2
3 24 35 35 16 15-25 <15 9 15
4 18 21 21 43 35-45 >43 26 29
5 14 7 7 10 8-11 >12 19 24
Tray 8 11 <15 16 12-18 <16 41 29

the fractions should be mashed separately in different ways, to obtain a beer with a
‘refined’ flavour (Krottenthaler et al., 1999). While this is technically possible this
approach has been little used, probably because of the extra cost of the fractionation
procedures and the problem of using or disposing of the ‘husk’ fraction.

Examples of all-malt grists regarded as being suitable for use with different mashing
systems are given in Table 5.4. In moving from the mash tun grist across to the grist for the
thin-bed filter the grists become finer. It is seen that there are small differences between the
proposed grists. This is expected as ‘best’ grists are determined by brewers using trial and
error, employing different mills and equipment. Grists prepared by wet milling are not
suitable for particle size analyses. In these cases grist quality is judged indirectly by noting
the appearance and performance of mashes, particularly extract yield, run-off rate, wort
clarity, the appearance of the spent grains and so on. The same criteria are also applied to
mashes made with dry milled grists, which are also subjected to sieve analysis.

Roll (or roller) mills are commonly used in breweries. The rollers work in pairs. The
malt grains are delivered to the first pair of rolls by a feed roll that determines the feed
rate and is intended to deliver each corn ‘end-on’ to the working rolls. Each corn is drawn
between the rolls and is crushed, sheared (if the rolls are rotating at different speeds) and
cut if the rolls are fluted (grooved). The theoretical capacity of a roll mill, Q (m*/h), is
given as Q =60.s.NL10°, where s=rotational speed (rpm); N = the gap between the
rollers or ‘nip’(mm); L = the length of the working surfaces of the rolls (mm). In fact the
practical working capacity is 10-30% of the theoretical capacity (Sugden ef al., 1999).
Working rates of different mills (in kg/h/mm roll length) are given as two-roll mills, 1.5—
2.5; four-roll mills, 2-6 and six-roll mills, 1.5-10.

The action of crushing rolls, with centres A and A,, on a particle, centre B, is illustrated
in Fig. 5.2. A component, e, of the force ¢ tends to draw the particle between the rolls. The
force ¢ depends on the force  and the coefficient of friction between the surfaces of the
particle and the roll, p, so t = pr. The force components e and m are opposed and so unless
e > m the particle will not be pulled between the rolls and be crushed. Thus p » cos oo > r
sin « and so p > tan a which must, therefore, be less than the coefficient of friction. Often
a typical value for a is 16 °. The angle OEF, the angle of nip, equals 2« There is a definite
relationship, cos o = radius of the roll + half the gap between the rolls)/(radius of the roll +
radius of the particle). If o is 16°, then cos a = 0.961. If the angle of nip is too large
(because the rollers are too small) and/or the rolls are rotating too quickly, particles ‘ride
the rolls’, so they are not drawn between them and they are not crushed.

The peripheral roll speeds in brewery mills are often 2.4—4 metres/sec (8—13 ft./sec.). As a
particle moves between the rollers so it deforms and, if it is brittle, its structure fails and it
breaks up (Sugden et al., 1999). Rolls may move at different speeds, for example the faster
may rotate at 1.25 the speed of the slower. Consequently a particle passing between them
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Fig. 5.2 The action of two crushing rolls, rotating at equal speeds, on a particle such as a malt
corn (see the text).

will be torn by shear as well as being crushed. As well as that the grooves, or ‘fluting’ milled
in spirals on the surfaces of the rollers can be arranged not only to increase the coefficient of
friction between the particles and the rolls, but also to cut the particles (Kunze, 1996).

Roll mills differ in their complexity. They have to cope with materials, particularly malt
corns, that differ in their ranges of widths and so the nips, the gaps between the rolls, must be
adjustable. In addition corns and other materials break up to give particles of a range of sizes.
Some of these, the fine grits and flour, need no more milling while larger materials can, with
advantage, be broken up more. In more complex mills this is achieved by sieving the material
coming from a pair of rolls on cylindrical or flat-bed screens. The fine fractions leave the mill
directly while coarser fractions are directed between other pairs of rolls and are broken up
further. In the cylindrical screens the grist may be disrupted by spinning ‘beaters’. In the flat-
bed, oscillating screens rubber balls move about and oscillate vibrating the sieving surfaces
and keeping them clear of blockages. Dry mills deliver their grist to a receiving hopper or
‘grist case’, so several hours working time may be available to prepare a batch of grist. In
contrast, with ‘wet’ mills the grist is mashed in as it is produced and the mashing-in period
must not be too long. Consequently wet mills operate at faster rates than dry mills.

5.3 Laboratory mills

Many kinds of mills are used in laboratories, but for standard analyses particular mills,
operated in closely defined ways, are employed. This is because the analyses are used as
bases of commercial transactions as well as standards by which the value of malts to a
brewery can be judged and so different laboratories must obtain analytical results that are in
close agreement. During the last century the ‘standard’ mills have changed. Initially hand-
cranked Boby or Seck mills, each with one pair of small rolls, were used and, in time, these
were powered with electric motors. These mills were not able to give sufficiently
reproducible results and so, at least for fine grinds, some used cone mills. The EBC
introduced a Casella mill in which the malt was shattered by the blades on a spinning rotor
and the grist was collected after passing through a sieve, different sieves being used for the
coarse and fine grinds. In a comparatively short time this mill was replaced by another, a
Biihler-Miag disc mill, which is in use at present by both the EBC and the IGB. In this
sophisticated machine the sample to be ground is fed into the central area between two
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discs, one static, the other rotating fast at a fixed speed. The grist emerges from the gap at
the periphery and is collected. The fineness of grind is determined by the distance between
the discs, which for the IoB methods are 0.7 mm for the coarse grind and 0.2 mm for the fine
grind. It is apparent that this mill differs in its method of working from almost all
commercial malt mills used in brewing. This ‘disadvantage’ is more apparent that real,
since the results it gives are highly reproducible and, as with every analytical system, each
brewer has to establish the relationships between the laboratory analyses and the results
obtained with his, possibly unique, brewing system.

5.4 Dry roller milling

A large number of types of roller mills have been, or are, in use (Kunze, 1996; Narziss, 1992;
Sugden et al., 1999). ‘Dry’ mills have some characteristics in common. The feed roll delivers
the malt to the first pair of crushing rolls, across their full width, at a controlled rate. The rolls
are designed to deliver the corns ‘end on’ to favour their being crushed along their length with
the minimum degree of husk breakage. The rolls are often about 250 mm (9.84 in.) in diameter
(in wet mills they are often larger). As noted the rolls are usually fluted and may run at different
speeds. Both may be driven but sometimes only one is powered, the ‘follower’ being dragged
by the friction between the grist and the moving, powered roll. Mill rolls may operate at 250—
500 rpm. The roll length increases with machine capacity, to a maximum of about 1500 mm
(59.06 1n.). The rolls are spring loaded, and so the gaps between them must be checked while
they are working under load. This is achieved by passing soft metal wire between the working
rolls, then measuring the thickness of the squashed metal with a micrometer screw gauge. Lead
wire was originally used, but now aluminium, copper or lead-free solder wires are employed,
to avoid any chance of lead contamination. The roll gaps and the alignment of the rolls must be
checked regularly, to ensure that they are parallel. In addition the rolls must be checked for
wear. The grist coming from each section of the roll pairs must be inspected and checked by
sieve analysis. This test will detect when the central portions of the rolls are badly worn but the
end regions are not. Where screens are used these too must be checked for integrity. After use
the mills should be cleaned. At no time should insect infestations be present.

The simplest mills are single-pass, two-roll dry mills. These are relatively slow
working and are inflexible, being suitable only for well-modified malts, special malts or
rice. They are used only in small units, such as pub breweries. Gaps used are 0.6—1.0 mm
(0.024-0.039 in.) and working capacities are 1.5-2.5 kg/h/mm roll length (a working rate
of 1kg/h/mm roll length is almost exactly 60 Ib/h/in. roll length). It seems that three-roll
mills (with or without screens) are no longer in use. The arrangement of the three rolls
was like the grouping found in five-roll mills (see below; Sugden et al., 1999).

Four-roll (two-high) mills are common in smaller, traditional ale breweries (Figs 5.3 and
5.4). They are robust, relatively inexpensive and well suited for milling well-modified
malts with a small range of corn sizes. Working rates are 2—6 kg/h/mm, the gaps between
the upper rolls are 1.3—1.9 mm (0.051-0.075 in.) and between the lower rolls 0.3—1.0 mm
(0.012-0.039 in.). In the more simple types the cracked grist from the first rolls piles up on
a ‘dam’, ‘shelf” or ‘explosion preventer’, where it can smother any sparks and so prevent an
explosion (Fig. 5.3). It then spills over and falls into a beater chamber, where the crushed
malt is broken up and flour and grits are partly separated from the husk before passing
through the second pair of rolls, over a second explosion preventer and out to the grist case.
More sophisticated types of four-roll mills use screens to separate the grist into fractions of
which only the coarse grits are crushed further by passage between the second pair of rolls
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Fig. 5.3 A simple four-roll mill (after Hind, 1950). Note that in the second pair of rolls one is
driven (‘fixed”) while the other is not powered (‘loose”).

(Fig. 5.4). This avoids more damage to the husk material and so favours a good wort run-off
rate. The screens may be semi-cylindrical and equipped with revolving beaters, as in Fig.
5.4, or they may be oscillating, flat-bed screens. The larger the screen areas the better the
separations achieved. The arrangements of the screens can be varied so that, for example,
flour and grits are re-milled but husk is not or, alternatively, grits and husk are re-milled but
flour and fine grits are not (Sugden et al., 1999).

So-called eight-roll mills were really two four-roll mills working in parallel. The malt
was pre-screened to divide it into bold (plump) and thin corns and these were milled
separately, each stream passing through a four-roll mill adjusted to deal with the particular
corn sizes. Five-roll mills are now uncommon (Fig. 5.5), but they are less expensive that the
six-roll mills. The malt is crushed between the first pair of rolls (say 1 and 2) and the grist
from this operation is screened. The husk fraction is crushed further, (between rolls 2 and 3)
and the products are separated on a second set of screens which direct the flour and husks
(with grits attached) to leave the mill, and the grits to pass through the third pair of rolls (say
4 and 5). At the same time the flour from the first pair of rolls is guided out of the mill and the
grits join those from the second pair of rolls and are broken up further by the third pair.

Six-roll mills are widely used in larger breweries as they are flexible in their operation
and are able to mill malts with differing degrees of modification and some adjuncts.
Several arrangements of the rolls and screens are used (Sugden et al., 1999; Wilkinson,
2001). In one type malt from the feed roll is crushed by the first pair of rolls and then by
the second set of rolls (so at this stage the treatment resembles that given by simple four-
roll mills). The grist from the second pair of rolls falls onto a set of screens, which divide
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Fig. 5.4 A four-roll mill using cylindrical screens to fractionate the grist from the first pair of rolls
and to direct the coarse grits to the second pair of rolls (after Hind, 1950). Similar results are
obtained in mills with oscillating, flat-bed screens.

it into size fractions. Several different arrangements are then possible. For example, the
husk and flour fractions leave the mill while the grits are broken more by passing between
the third pair of rolls. In one particular system the grist from the first and second rolls is
divided into two equal streams, which pass to two identical sets of tandem flat screens.
This arrangement is compact and allows the use of large screen areas (and so more
efficient fractionation of the grist) and, because the sets of screens are set to oscillate ‘in
opposition’, the vibration of the mill is reduced.

The arrangement of a more common pattern of six-roll mill is shown in Fig. 5.6. Sets
of screens operate between the first and second and second and third pairs of rolls. The
coarse material from the first stage pass to the second set of rolls, the grits go to the third
pair of rolls and the flour leaves the mill. The husk and flour from the second rolls leave
the mill while the grits pass to the third pair. These mills, appropriately adjusted and with
the correctly fluted rollers, can be used to prepare grists that are suitable for use in lauter
tuns or the older types of mash filters. The malt delivered to these mills may be dry or
‘conditioned’(see below). Suggested gaps (mm) for the first, second and third pairs of
rolls are, (a) for dry malts and cereals using a lauter tun, 1.6-2.0, 0.7-1. and 0.2-0.4; (b)
for conditioned malts using a lauter tun, 1.4-1.9, 0.5-1.0 and 0.2—-0.4, while for dry malt
and cereals using an older type of mash filter; (c) the values are 1.0-1.4, 0.4-0.6 and 0.1-
0.3 (1 mm = 0.03937in.). The working rates of six-roll mills are 2—10kg/h/mm roll
length for lauter tun grists and 1.5-8 kg/h/mm for mash filter grists.
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Fig. 5.5 The working principles of a five-roll mill (various sources).
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Fig. 5.6 A scheme of a six-roll mill (various sources).

5.5 Impact mills

Disc and pin ‘dry’ mills are often used on the experimental or pilot brewery scale and
they are used in some small breweries (Biche ef al., 1999). In these mills the material to
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be ground is delivered to the gap at the centre, between two discs the faces of which are
roughened or covered with short projections. One disc may be static and the other rotate
or both may spin, but in opposite directions. The gap between the discs may be adjusted.
As the material moves from the centre to the periphery it is ground. Usually the grist is
carried away in an airflow, but there has been interest in disc milling under water, when
milling and mashing in occur together (see Section 5.9).

For years hammer milling has been used to prepare some raw grain adjuncts. It was also
used experimentally and in a limited number of breweries for making finely ground grists
from which, after mashing, worts were separated by centrifugation or with rotating vacuum
filters (Briggs et al., 1981; Rehberger and Luther, 1994). However, the introduction of high-
pressure filters and the Meura 2001 filter has encouraged the use of hammer milling for grist
preparation because in these devices the survival of large fragments of husk is irrelevant in
collecting the wort. Hammer mills differ in detail, but the principles of operation are the
same (Fig. 5.7). Malt, sometimes mixed with adjuncts, is fed at a pre-determined rate
through a rotary valve or a feed roll, into the milling chamber, which is strongly ventilated.
The chamber may be mounted vertically or horizontally. The malt must be scrupulously
cleaned to remove stones, pieces of metal and ‘heavy objects’. The milling chamber contains
a spinning rotor (e.g. turning at 1500 rpm) on which are mounted freely swinging pieces of
metal, the beaters or ‘hammers’, which travel at about 100 m/s. The inertia of the rotors is
such that they may take 20—30 min. to stop.

Buffer
hopper

-Alr Rotary valve/
inlet
feed roll
Inlet to
milling
chamber Rotor

Anti-vibration
mounting
Airflow carrying

grist

Fig. 5.7 The layout of a type of hammer mill (various sources).
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The impacts of the hammers on the malt smash it up and this process continues until the
fragments escape through the semicircular screen that makes up part of the wall of the
chamber. Sometimes the inner wall of the chamber also carries short projections against
which the moving malt can impact. The screens may have mesh widths of 0.5, 1.0 mm or
even 2—4 mm. The powdered grist is carried out of the mill in the airflow, which transports
it to the grist case, which is equipped with explosion vents. In some mills the rotors are
reversible to obtain even wear on the hammers. These mills are comparatively inexpensive,
but the wear is substantial and so maintenance must be regular and easy to carry out and
screens and hammers need regular replacement. Such mills must be set up on anti-vibration
mountings, and housed in acoustically insulated chambers, to muffle the noise.

5.6 Conditioned dry milling

In mashing and the subsequent separation of the wort from the spent grains, in mash tuns
or lauter tuns, it is desirable that husk materials should be as nearly intact as possible, but
with dry milling this is difficult to achieve while comminuting the endosperm tissue to an
adequate extent. The problem is largely due to the extreme brittleness of the dry husk.
The ideal arrangement for preparing most grists would be to be able to mill malt with
damp, flexible husks but with dry, brittle interiors. To a degree this is achieved by
‘conditioning’ malt by briefly dampening it, wetting the husk with water or steam, before
it reaches a conventional ‘dry’ mill (Fig. 5.1). The intention is to mill the treated malt
while the husk is damp and flexible but before any moisture reaches the endosperm and
reduces its brittleness. A conditioning screw consists of a screw or paddle conveyor
working in a heated casing. The moving stream of warm malt may be exposed to low-
pressure steam, at 0.5 bar, for 30-60s. Then, after a 90—120 s equilibration time, the malt
is delivered to a six-roll mill. To dry the equipment and minimize corrosion the steam is
turned off 5 min. before the last of the malt passes through. Alternatively, and with a
lower risk of enzyme inactivation, water at 30 °C (86 °F) or, at least, < 40°C (104 °F), is
sprayed onto the malt and then, after a one-minute equilibration period, the malt enters
the mill. The moisture content of the husk is increased by 1.5-1.7%.

The dampened husk is more flexible and survives milling better and the volume of the
husk sieve fraction is increased by 20-30%. Dry milled grist volumes are 500—700 ml/100 g
while the volumes of conditioned milled grists are 700-1000 ml/100 g. The volumes of the
spent grains are also increased. The mill gaps need to be set closer to obtain the best extract
from conditioned malt. The run-off rate is increased by conditioning and lauter tuns may be
loaded more deeply using a mash made with conditioned malt as the bed density is reduced
and its porosity is increased (Narziss, 1992; Stoscheck, 1988; Sugden, et al, 1999;
Wilkinson, 2001). It is also said that conditioning gives a better yield of extract, better
attenuation and faster saccharification. To prevent clogging dust must be completely
removed from the malt before it reaches the conditioning screw and this and the adjacent
pieces of equipment must be cleaned regularly.

5.7 Spray steep roller milling

Spray steeping malt before it is milled is a comparatively recent innovation. In spray
steeping mills the malt is held dry in a hopper from which it is fed, at a controlled rate, into a
spray chamber or conditioning shaft or chute, so designed that the malt moves through with a
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Fig. 5.8 A diagram of a mill using spray-steep conditioning (various sources). CIP, fittings of the
‘cleaning in place’ system.

‘plug flow’, that is “first in’ is ‘first out’ (Fig. 5.8). Here it is sprayed with warm/hot water for
a short time, some quoted conditions being 60—80 °C (140-176 °F) for 45-60s, or 50-70°C
(122-158°F) for 60-120s. (Herrmann, et al, 1998; Kunze, 1996; Langenhan, 1992;
Wilkinson, 2001). Surplus water is collected from the spray chamber and is re-circulated.
Water usage is 30-80 litres/100 kg malt. Generally the mill has two large, stainless steel rolls
0f290-420 mm (11.41-16.54 in.) diameter with a gap set at 0.2—0.5 mm (0.007-0.0197 in.),
but four-roll versions are also used. If the malt is hard the mill ‘senses’ the increased
workload, so the machine automatically runs more slowly, exposing the malt to a longer
period of wetting. The moisture content of the husk is increased to 18-22%.

Immediately after milling the mashing water is added to the grist and the mixture is
pumped to the mash vessel. Lactic acid can be added at this stage to adjust the pH of the
mash. Because this method of milling and mashing allows air to be mixed into the mash
there is a chance that unwanted oxidations may occur. This can be prevented by
excluding air, by filling the mill chamber with carbon dioxide or nitrogen gas. Husk
survives milling well, and endosperm tissue is adequately broken up. The entire milling/
mashing process is complete in 20-30 minutes. In an alternative arrangement the malt is
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metered into the mill by a rotating, segmented wheel (where it is wetted) which replaces
the conditioning shaft (Kunze, 1996). This system has all the advantages of conditioned
milling, that is, husk survival is enhanced, the grist and spent grains occupy a large
volume so their porosity is increased giving shortened lauter times and good yields of
extract. Between uses these mills must be thoroughly cleaned. They are equipped with
CIP systems. The performance of these mills is relatively inflexible (Wilkinson, 2003).

5.8 Steep conditioning

In another, older type of wet mill the malt, with or without some raw cereal, is held in a
hopper in which it is steeped (Fig. 5.9; Healy and Armitt, 1980; Kunze, 1996; Meisel,
1997; Narziss, 1992; Sugden et al., 1999). The liquor used in the steep is usually at 30—
50°C (86—122°F) and steeping lasts from 10 to 30 minutes. The steep liquor may be
recirculated. After steeping the water is drained away, before the malt is milled.
However, moisture takes time to penetrate the corns and so, inside the corns, the first malt
to reach the mill is less moist than the last, so treatment is uneven. The malt has to be
dust-free to prevent clogging. The steeped malt reaches a moisture content of about 30%,
so the contents are partly softened. During milling they are gently squeezed flat by the
large rolls (400 mm, 15.75in. diameter; 440 rpm, gap 0.30-0.45 mm, approx. 0.012—
0.018in.) of the mill, squeezing out some of their contents.

A mill may have two or four rolls. As with spray steeping the husks remain intact but
hard ends in the malt are probably not adequately disrupted. Wet milling gives rise to a
large volume of spent grains, indicating that mashes are ‘open’ and that the beds have
high porosity. The control of the moisture content of the malt is less exact than that
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Fig. 5.9 A mill using steep conditioning (various sources).
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achieved with spray steeping and the mill must be cleaned very well, initially with hot
mashing liquor, to prevent microbes multiplying. The steep water may be discarded, in
which case some extract is lost and effluent is produced or it may be added to the
mashing liquor. This may carry a flavour penalty. Mashing liquor is added to the mixture
immediately after milling and after mixing the mash is transferred to the mash vessel
using a mash pump. Advantages claimed for this system include increased brewhouse
yield, faster wort separation in the lauter tun and smoother tasting beers as well as dust
suppression (Stauffer, 1974). On the other hand the system is inflexible and has other
inherent disadvantages (Wilkinson, 2001). Spray steeping, with its ability to break up dry
and brittle endosperm while keeping husk tissue intact, is now preferred.

5.9 Milling under water

Experimentally, other types of wet milling are being investigated. It has been found that
by steeping malt and by grinding it under water in a disc mill, a fine grist suitable for use
in a Meura 2001 mash filter can be rapidly produced (Biche et al., 1999; De Brackeleire
et al., 2000; Wilkinson, 2003). Milling and mashing in occur together. The milling discs
(often 600 mm, 23.6in. diameter) rotate at 1275rpm. The gap between the discs is
variable, 0.35-0.55mm (0.0138-0.02171in.) often being used. The smaller the gap
between the plates the finer the grind achieved, but with a greater power consumption. To
prevent oxidation it is desirable to de-gas the liquor and displace the air from the malt
using an inert gas. The system is said to be slightly superior to hammer milling and to
give a grist with very good filterability and a high yield of extract.

Another proposal is to obtain an exceptionally fine grind by breaking up malt and
adjuncts in a ‘dispersion chamber’ (Menger et al., 2000a, b). In this device the mixture of
malt and water passes through a series of spinning, short, slotted rotors and stators which
disrupt it by shear and probably impacts. Thus milling and mashing in are carried out
together. Again, it is desirable to de-aerate the liquor to minimize oxidative changes.
Within limits it is possible to increase the fineness of the grist by using more disrupting
units in the series, set to achieve increasing degrees of disaggregation.

5.10 Grist cases

With wet mills, milling is coincident with mashing in and so the entire operation must be
completed in a comparatively short time, say 20—30 minutes. However, this is not the
case with dry milling as the grist can be accumulated and stored, at least for a short
period, ready for mashing in, in a separate operation. Dry grists can be evaluated using
standard sieves (Tables 5.1, 5.4). Grists can have low bulk densities; for example, 100 kg
can occupy 3 hl (approx 20.8 Ib./ft.*). Thus a dry milled grist may occupy 2.6 hl/kg, while
a conditioned malt grist might occupy 3.2 hl/kg (Narziss, 1992). Thus grist cases, the
containers in which grists are stored, have large volumes and must contain enough grist
for a mash. Usually they are made of mild steel, and are designed to contain dust and
exclude steam and damp air, while being able to release their load under gravity, at the
required rate. Sometimes the cases are fed from a mill and, by a proportional feeder, from
a store of an adjunct such as wheat flour, that needs to be mixed uniformly into the grist.
The grist may be directed to the mashing in system through a chute or by way of a gentle
belt conveyor. Unless the grist is intended for a new type of mash filter abrasion caused
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by rough conveying or handling should be avoided so that the grist is not broken down
further. All the components of a grist should be well mixed, and so any vibrations or
conveying that favour the segregation of the components of the grist, for example, into
layers of husk and fines, must be avoided. Commonly a grist case is above one mashing
vessel, which it serves. However, sometimes a grist case can be equipped with chutes or
conveyors that allow it to serve more than one mashing vessel, while other grist cases can
be moved so that they can serve more than one vessel and several containers, each
containing enough grist for one mash, may be grouped together in one structure.

In two old processes, that have fallen out of use, the grist in the case could be heated by
steam-heated pipes placed in the grist case. In ‘retorrification’ the grist was warmed to the
mashing-in temperature. Thus the temperature of the mashing liquor did not need to be
greatly above that of the grist to achieve the correct initial heat, and so thermal inactivation
of enzymes, caused by local overheating, was minimized on mashing in and more uniform
mashing temperatures were achieved when the ambient temperature fluctuated.

When grists were subjected to ‘aromatization’ they were heated to about 130°C
(266 °F) for 15 minutes to increase the colour and aroma. Inevitably this must have caused
some enzyme inactivation.
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6

Mashing technology

6.1 Introduction

Mashing is the process by which sweet wort is prepared. It involves ‘mashing in’, the
mixing of the milled grist and the brewing liquor at the correct temperature and in the
correct proportions to obtain the mash. After a period, with or without temperature
changes, during which the necessary biochemical changes occur, the liquid ‘sweet wort’,
which contains the extract, is separated from the residual solids, the ‘spent grains’ or
‘draff’. Some extract remains in the draff, and as much of this as possible is recovered by
‘sparging’, washing the grains with hot brewing liquor.

In traditional brewing, as practised in homes or small inns, hot water was placed in a
wooden tub or tun, and the grist (malt that had been ground between millstones) was
mixed and mashed in by stirring or rowing with a rake, paddle or ‘oar’ (Fig. 6.1). No
reliable means of measuring temperatures was available. In one method, which gave rise
to the ‘classical’ British infusion system, the water temperature was guessed to be
suitable by feel or by how clearly the brewer’s face was reflected in the water. After a
period a basket was pushed into the mash and wort that seeped into it was ladled into a
receiver, in readiness for boiling with hops or other flavouring herbs. When wort
recovery became difficult more hot water was mixed into the mash (re-mashing) and
another, weaker wort was recovered. This was repeated until the worts were too weak to
be worth collecting. In later times wort was collected from mashes using primitive mash
tuns, in which the wort drained from the mash through a perforated ‘strainer’ in the base
of the tun. The structures of old (approx. 200 years), relatively small British country
house breweries are documented (Sambrook, 1996).

In an alternative method, which gave rise to the classical mainland European
decoction mashing system, traditionally used for brewing lager beers, the mash was made
with slightly warm water. At intervals a ‘decoction’ was carried out, that is, a proportion
of the mash, perhaps one-third, was withdrawn and slowly raised to boiling in the copper
that would later be used for boiling the wort. The hot mash was then transferred back to
the ‘main mash’, and was mixed in. In this way the temperature of the whole mash was
increased. Repeated decoctions increased the mash temperature in steps, an approach that
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O

Fig. 6.1 A wooden mashing rake or oar.

minimized the risk of overheating and premature total enzyme destruction. In more
modern variations of this system the temperatures achieved (now exactly controlled) are
optimal for various enzyme-catalysed processes in the mash and allow comparatively
under-modified malts to be mashed successfully (Chapter 4). Raw cereal adjuncts may
conveniently be cooked in decoction vessels. In contrast, the traditional infusion system
of mashing requires well-modified malts and not more than about 20% of unmalted
adjuncts (Chapter 4).

The equipment used in breweries has been progressively refined and there has been a
convergence in the practices of ale and lager brewers. The motives for these alterations
are chiefly economic. It is often desirable to maximize productivity (‘throughput’, the
number of brews completed every 24 h) and to recover as much extract as is economically
worthwhile from a given grist (Chapter 18). It is also necessary to reproducibly recover a
certain volume of wort having exactly the characteristics needed to make a particular
beer. At the same time energy and water usage must be minimized and so must the
production of effluents. At the present time there are breweries operating with many
different kinds of ‘traditional’ and ‘modern’ equipment. The more common types will be
described. Sometimes old types of plant have been retained, despite some inconvenience
or poorer efficiency, because a newer system has not been able to produce a beer
matching that produced by the old system. In the case of smaller breweries older kinds of
equipment may be retained because of its simplicity, or because replacement is not
economic. While older equipment is often made of attractive polished wood and copper,
in newer equipment these materials have been largely replaced by the cheaper, more
deterioration-resistant stainless steels (Chapter 10).

6.2 Mashing in

Mashing in, the process of mixing the mashing liquor and the grist, is critical. The
proportions of liquor to grist and the temperature of the mixture must both be correct and
the grist must be evenly mixed in the mash, with no clumping or ‘balling’, which reduces
extract recovery, and no segregation of the grist components. In traditional infusion
mashing, where it is not easy to adjust the mash temperature, the value initially attained is
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Fig. 6.2 Steel’s mashing machine, used in traditional British infusion mashing. In more modern
versions the rate of grist flow is regulated mechanically and the slide valves prevent steam from the
mash travelling into the grist case.

critical. Historically, grist was poured into attemperated water in the mash tun or ‘tub’
and was mixed in by ‘rowing’, a laborious process that often resulted in inadequate
mixing and balls of unmixed grist. Mechanical means of mixing mashes were necessary.
Mash tun rakes were invented by Matterface in 1807 (see below; Sykes and Ling, 1907).
This kind of equipment remained widely in use in the UK until the 1960s. It is now rare.
Several ‘external’ mashing machines were invented and, in various forms, some of these
are still in use.

The Steel’s masher, introduced in 1853, consists of a horizontal tube about 46 cm
(18in.) in diameter and was once typical of ale breweries (Fig. 6.2). Grist from the grist-
case is delivered to one end via a vertical tube at a controlled rate. Slide valves are used to
prevent vapour from the mash rising into the grist case. The grist is sprayed with mashing
liquor and the wetted material is driven along the tube by a screw conveyor and is then
mixed by a series of short beater-rods mounted on the same shaft as the conveyor screw.
The mashed material is then dropped from a spout into the vessel below. This device is
capable of mixing the thick mashes typical of traditional infusion mashing (e.g. 1.6-3.2 hl
liquor/100 kg grist; 9.9—19.9 imp. brl/ton). With this system it is impossible to prevent
oxygen uptake. Sometimes the masher is mounted so that it can be swivelled sideways
and so can deliver into either of two vessels.

Mash hydrators, or ‘pre-mashers’, are designed for making the thinner mashes used in
decoction mashing or temperature-programmed infusion mashing (3.3—5 hl liquor/100 kg
grist; 20.5-31.0 imp. brl/ton), which must be stirred and pumped between vessels. In
general, light beers are made with more dilute mashes than those used for dark beers. In
mash hydrators grist, falling down a tube at a controlled rate, meets a spray of
attemperated water flowing at a controlled rate from a perforated central tube or from a
surrounding casing (Figs 6.3, 6.4). In other increasingly common devices the water is
injected tangentially creating a vortex, which rapidly mixes with the grist (Fig. 6.5). This
device contains dust and minimizes oxygen pick up. It is desirable that the mash from the
hydrator does not fall into the mash, but is directed onto the side of the mashing vessel, or
is pumped into the base, so that it slides down to the mash with the minimum uptake of
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Fig. 6.3 Premasher or Maitland grist hydrator, of a traditional mainland European type, used in
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Fig. 6.4 An alternative type of mash hydrator (after Rehberger and Luther, 1994).

oxygen (Wilkinson, 2003). None of these devices has moving parts to wear out. A spray-
ball should always be mounted above the liquor inlet to facilitate ‘cleaning in-place’,
CIP. The grist from the hydrator is not uniformly hydrated. Hydration is completed
during stirring in the mashing vessel.

In addition to the methods mentioned, wet milling coincides with mashing in and so
with this approach no grist case is involved (Chapter 5). In some plants the material from
the pre-masher enters an inclined disc mixing vessel. This consists of a cylinder with
rounded ends mounted on its side and having a longitudinal shaft mounted about a third
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Fig. 6.5 A vortex mash mixer (after Rehberger and Luther, 1994). The grist falls into a swirling
tube of liquor from that tangentially injected into the outer chamber. With these, and other pre-
hydrators, it is desirable to have a mixing chamber through which the grist must pass before it

leaves the unit.

of the way up from the bottom. The shaft carries a series of discs inclined at angles to the
shaft which rotates. The discs mix the mash very gently and thoroughly (Kunze, 1996).

In most plants it is usual for the pre-hydrated grist to be transferred into a mashing
vessel, where mixing occurs. To minimize oxidative changes in the mash or wort, the
mash may be gently pumped into the vessel at the side or up through the base, so
minimizing turbulence and the uptake of oxygen. Degassing the mashing liquor, flushing
the grist with an inert gas such as nitrogen or carbon dioxide and filling the base of the
vessel with an inert gas to displace air and so limit oxygen pick-up may also be used
(Yamaguchi et al., 1997).

In many breweries the older names for critical temperatures are retained (Hind, 1940).
Thus liquor heat and striking heat are terms for the temperature of the mashing liquor in
the hot water tank and at the mashing machine respectively. The initial heat is the
temperature of the freshly mixed mash, sparge heat is the temperature of the sparging
liquor and the tap heat is the temperature of the wort as it is drawn off. In infusion
mashing in modern mash tuns the opportunities for adjusting the mash temperature are
limited and it is essential to achieve the correct initial heat (temperature) when mashing
in. In modern plant this may be achieved automatically by varying the temperature of the
mashing liquor so that the correct initial heat is attained. In older plant this is achieved by
a skilled operator’s judgement, guided initially by calculation and later by experience.

When malt is mixed with water heat is generated and this slaking heat or heat of
hydration is less for malts with higher moisture contents (Table 6.1). So, for example, a
malt with a moisture content of 2%, mashed in a particular way, may give a temperature
rise of about 4.8 °C (8.6 °F), while a malt with a moisture content of 6% would give a
temperature rise of 2.6 °C (4.6 °F) when mashed in the same way. The initial heat of the
mash can be calculated from the formula

I =[St + RT/S+R] + [0.5H/S+R]



194 Brewing: science and practice

Table 6.1 The specific heats and slaking heats of malt at different moisture contents. Other malts
may have slightly different values. Data recalculated, by interpolation, from the data of (a) Brown
(1910) and (b) Hopkins and Carter (1933)

Moisture Specific Slaking heat at 65°C (150 °F)
(%) heat (a) g.cal/°F g.cal/’C

(a) (b) (a) (b)
0 0.38 28.0 334 15.6 18.6
1 0.38 247 28.7 13.7 15.9
2 0.39 21.5 24.9 11.9 13.8
4 0.40 15.8 18.8 8.8 10.4
6 0.41 11.5 14.2 6.4 7.9
8 0.42 8.5 11.7 4.7 6.5

where S =specific heat of the malt, t =the temperature of the malt, R =the weight of
water, relative to the unit weight of the malt, T is the temperature of the water, H is the
slaking heat of the malt expressed in the correct units and I is the initial temperature of
the mash. Others prefer to use H (rather than 0.5H) and make allowances for heat losses,
determined by trial and error. The final temperature of a mash warmed by ‘underletting’,
that is the addition of hot liquor to the mash, can be calculated from the formula

Final temperature = [M(S+R) + QT] / (S+R+Q)

where M = temperature of the mash at the time of underletting, Q is the quantity of water
used in the underlet, T =temperature of the underlet liquor. The other symbols are as
used before. These calculations can be used only for guidance. They cannot give exact
results because no allowance is made for heat losses from the system, and these will vary
with the temperature of the brewhouse.

6.3 The mash tun

The mash tun (‘kieve’ in Ireland) is the simplest device for mashing and preparing sweet
wort. Mash conversion and wort separation from the spent grains take place in one vessel,
and so mash tuns should be distinguished from the mash mixing and incubation vessels
which are used to carry out the mash conversion step only, wort collection being carried
out in a separate device, usually a lauter tun or a mash filter.

6.3.1 Construction
Mash tuns are circular in cross-section and vary greatly in size, but they are usually 2.0—
2.5m (approx. 6-8 ft.) in depth. Originally the tuns were of wood and, for many years
most were equipped with raking machinery (Fig. 6.6). Wood is hard to clean and has only
a limited life. Increasingly, mash tuns were made of iron or copper or, more recently,
stainless steel. The properties of some materials used in the construction of brewing
vessels are outlined in Chapter 10. They are insulated at the base and around the sides and
are often clad with wood. Originally the tuns were open, but now they are usually covered
with metal domes, equipped with inspection ports and lights.

Covering a tun slows heat loss and prevents the water vapour from the mash spreading
through the brewing room (Fig. 6.7). Sometimes the vapours are carried away in a pipe
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Fig. 6.6 An old pattern of mash tun as used in about 1880 (various sources). Some few of this
general type are still in use.

fitted to the dome. The true base of the tun is covered by a ‘false bottom’ or deck. This
consists of interlocking slotted (or drilled in some small tuns) metal plates of gun-metal
or stainless steel or of stainless steel wedge wire (Figs 6.8, 6.9) mounted on short legs
about 5-7.6 cm (2-3 in.) above the true base. The plates interlock in a unique pattern and
can be lifted for cleaning or repairs. The slots give a free area of about 10-12% of the
false bottom, while wedge wire gives the same or a higher value (up to 22%). The slots
are typically 0.7-1.0mm (0.028-0.0391in.) wide at the top and widen out below to
facilitate cleaning and reduce the chances of fragments of grist wedging in the spaces. In
the past all cleaning was by hand, involving the regular lifting of the plates of the false
bottom and later re-assembling them, but now sprays may be fitted to allow CIP both
above and below the deck. One, or more, large holes, fitted with valves, are in the false
bottom. These are opened at the end of mashing to allow the removal of the spent grains
and some rinse water.

In the past, grain removal was by hand but now, except in small breweries where
manual removal is still used, grains are swept out of the discharge ports by horizontally
rotating arms. The grains are collected and transferred by screw conveyor or compressed
air to the collection silo for removal to farms or animal compounders. An alternative
procedure of slurrying the grains with water and pumping the mixture to a collection tank
has been discontinued because wetting the spent grains reduces their value and the use of
more water and the production of effluent with a high BOD increases costs. Few English
breweries have retained rotating rakes. The machinery is clumsy and it is suspected of
allowing channelling during sparging, with a consequent reduction in extract recovery.
On the other hand rakes facilitate mixing the mash with underlet water, allowing
controlled increases in temperature.

Some few mash tuns have been equipped with knives for ‘cutting’ the mash and for
discharging the grains, as is done in many lauter tuns (Section 6.5). Originally drained
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Fig. 6.8 Slots in plates that form the false bottoms of mash tuns (after Briggs et al., 1981). (a) Plan
view of the upper surface. (b) Vertical section across the slots. (c) Plan view of the lower surface.
(d) A vertical section, at right-angles to (b), along two slots.

Fig. 6.9 A piece of wedge wire (after various sources).

grains were remashed with fresh hot water to recover entrained extract. Now ‘sparging’ is
employed. Hot water is sprinkled onto the surface of the mash from centrally mounted,
rotating perforated tubes, the sparge arms. These may be mechanically driven, but more
usually they are driven by their reaction to the streams of water coming from the
perforations, which are at an angle to the vertical (Fig. 6.7). Because it is desirable to
apply the sparge liquor equally to all areas of the mash the perforations are more widely
spaced towards the centre of the tun and more closely spaced towards the periphery.
During wort collection the liquid is driven down through the bed of grain by the pressure
difference between the liquid at the top of the mash and the pressure below the false
bottom. This pressure difference is measured. To control this pressure difference, and
hence the ‘suction’ on the grain bed and its compression, various devices, which act as
weirs, may be used including a swinging, inverted U-tube (a Valentine tube), or a device
equivalent to it (Fig. 6.7). Alternatively the rate of collection can be regulated with a
pump, and the rate of sparging can be set to equal the rate of run-off using two matched
pumps. Excessive pressure can force the goods down onto the plates and cause blockages
or so compress the bed that the resistance to the flow of the liquid through the bed is high
and run-off is slowed. The result is a set mash.
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To obtain an even run-off and sparge it is desirable to have multiple wort collection
pipes, connected to the true bottom of the tun, distributed in an even pattern. The object is
to have each pipe draining the same area beneath the deck, say 1.9-2.3 m? (20-25 ft.?). In
the traditional arrangement these discharge the wort via taps and swan-necked tubes into
an open collecting trough. This allows the clarity, the gravity and the rate of flow of the
wort from each tap to be checked. By manipulating the taps the rate of flow can be
regulated and balanced. Differences in the quality of the wort from different taps
indicates problems with the quality of the grain bed or the sparge.

6.3.2 Mash tun operations

Before use the clean mash tun is preheated to the mashing temperature with steam or hot
water. All taps are closed, the temperature of the mashing liquor is checked and so are the
contents of the grist case. Some liquor is admitted into the base of the tun to drive air out
from beneath the false bottom and to cover the plates with a layer of water 2—5cm
(roughly 1-2in.) deep. This cushions the mash as it is dropped in from the Steel’s or other
premasher, helps the mash to spread across the false base and reduces the chance of the
slots being blocked. Mashing in may take 20—30 min. In modern mash tuns the mash
entrains air and most of the goods float (Harris, 1968, 1971). In older tuns the mash was
raked for a few minutes to mix the contents. The depth of the mash is typically 0.91—
1.5m (approx. 3-5 ft.), but depths of up to 2.74m (9 ft.) have been used. One advantage
of mash tuns is that they can be used with mashes of widely varying volumes.

The mash then begins its stand, normally a period of 1.25-2.5h, to allow all necessary
biochemical processes to take place. The temperature of the mash during the stand is not
normally altered, but this is a comparatively recent development. Formerly moderate
upward temperature adjustments were usual (Chapter 4; Hind, 1940; Sykes and Ling,
1907). The application of heat to a thick mash through a heater in the walls and base of an
unstirred mash tun is not efficient. At various times heat increases were brought about with
steam-heated coils beneath the false bottom or by direct steam injection, by cycling wort
from the base of the tun to the top of the mash via an external heater, by a ‘steam plough’ (a
device heated by steam or water which rotated with the machinery near to the base of the
tun) or by underletting (sometimes with simultaneous sparging). With underletting, the
most usual method, the calculated volume of hot liquor, at an appropriate temperature, was
slowly let into the base of the tun, beneath the plates and raising the mash bed without
disrupting it, then the mash was mixed, so its temperature was increased and it was diluted.

Sometimes wort run off becomes slow or even ceases. This is liable to occur if poor
quality malt has been used, if the grist has been milled too finely, if the grist contains a
high proportion of adjuncts, or if the operator has tried to draw off wort too quickly and
has pulled the mash down onto the plates and caused the bed to become compressed.
Such a ‘set mash’ may be cleared by using an underlet to lift the goods off the plates. Set
mashes caused by poor quality grist components are made less likely by adding an
enzyme preparation containing [-glucanase, cellulase and pentosanase activities.
Drainage from the mash is dependent on it having an open structure and this, in turn,
requires that the malt husk fraction be damaged as little as possible during milling
(Chapter 5). In the past some brewers used a proportion of ‘husky’ malt or even added
chopped straw or oat husks to ‘open-out’ the mash and aid drainage. The addition of such
materials is undesirable as unwanted flavours can be conferred to the beer.

When the stand, with or without an underlet, is completed the first wort is run off. The
first runnings may be a little turbid, and these are usually pumped back to the top of the
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mash and recirculated. When the wort is perfectly clear (i.e. is ‘running bright”) the flow is
diverted and the liquid is either collected in a holding vessel, an underback, where it is
maintained at 71-82°C (160-180°F) to prevent the multiplication of contaminating
microbes, or it is transferred directly to the copper. When the ‘first worts’ have been
collected and the mash has settled, but before the surface of the grains has become dry,
sparging begins, the hot water (usually at about 78 °C, 172.4 °F) being sprinkled on from
the rotating sparge arms. The sparging rate matches the rate of wort run off, and the liquor
displaces the wort downward and through the plates and leaches extract from the grist
particles. The high temperature facilitates extract recovery because it reduces the viscosity
of the wort and so facilitates run off and it accelerates the leaching of extract from the grist.

After the first worts have been collected the specific gravity of the collected wort begins
to fall. The decline continues until a chosen gravity (often SG 1003—1005, 0.78-1.3 °P) is
reached, when collection ceases. The goods are then allowed to drain. The drainings may be
sent to waste, with a consequent loss of extract and at the cost of an effluent charge, or they
may be stored hot for a short period and then be mixed into a subsequent mash, when the
extract is recovered. However, the quality of the extract in the drainings is inferior to that in
the main wort. Sparging often lasts 4-5 h. The sparge liquor should not contain ‘temporary
hardness’ and should contain an adequate level of calcium ions (Chapter 4). At higher pH
values more tannins and undesirable materials are extracted, leading to reductions in beer
quality. About 5.35 hl of sparge liquor may be used for 100 kg malt (33 imp. brl/ton) so in
all a total of about 8.1 hl of liquor are used for each 100 kg malt (50.3 imp. brl/ton). Some of
this liquor, perhaps 2%, remains in the spent grains. The spent grains have a moisture
content of about 80%. These are discharged and the tun is cleaned before the next mash.
The entire cycle time with a mash tun is often 5-9 h, but in one famous brewery the time
was 18 h and mashing in began at midnight. So mash tuns generate clear, high-quality ale
worts which, because the mashes are thick, can produce high-gravity worts but by modern
standards their turn-round times are slow. Oxygen exclusion is not feasible but for
traditional ales it is not necessary. The thick bed of grains allows the production of very
bright worts but also ensures that the run off time is comparatively long. Extract recoveries
(relative to the laboratory extract) of 98% have been claimed, and 96-97% is usual but in
some small breweries the recovery may be as little as 85%. Other disadvantages of mash
tuns are their inflexibility with regard to mashing temperatures, their requirement for a
coarsely ground grist (with a consequent reduction in extract recovery), the need for well
modified malts and the difficulty in using wet, cooked adjuncts.

6.4 Mashing vessels for decoction, double mashing and
temperature-programmed infusion mashing systems

In these mashing systems mashes are relatively thin (3.3—5 hl liquor/100 kg grist; 20.48—
31imp. brl/ton) and so they can be stirred and pumped between vessels. While, in
principle, the types of vessels have remained constant for a considerable time there have
been significant improvements in design and in the designs of the wort separation
devices, the lauter tuns and mash filters, used in conjunction with them.

6.4.1 Decoction and double mashing
In the traditional decoction mashing system grist is mashed in using a hydrator and falls into
a mash-mixing vessel (Fig. 6.10). To minimize oxygen pick-up the mash may be run down
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Fig. 6.10 A section of an older pattern of a decoction mash-mixing vessel (after Hind, 1940).

the side of the vessel or pumped into the base. At this stage pH adjustment may be achieved
by the addition of a food-grade mineral acid or biologically prepared lactic acid. Acid malt
may have been included in the grist to achieve the same effect. Mashes are stirred, usually
by a propeller in the base of the circular vessel. However, vessels with rectangular cross
sections have been used, the contents being mixed by stirrers mounted on long shafts
extending downwards from above. The older vessels are often of copper, have a double
walled steam heating jacket and are well insulated. Heating may also be by internal steam
heated coils or direct steam injection. Low-pressure steam (15 bar, 171°C, 340°F) is
preferred to superheated water as the heating agent (Wilkinson, 2003). The vessels are
covered with copper domes that carry centrally placed flues that carry away steam. In each
decoction some of the mash is pumped to a smaller vessel, (the mash cooker, copper or
kettle) where it is heated to boiling and then, after a boil, is transferred back to the mash
mixing vessel (Chapter 4). These vessels can also be used for cooking adjuncts.

Mash cookers are similar in construction to mash-mixing vessels, except that often
stirrers are more powerful and the vessels have relatively greater steam heated areas,
since their contents must be heated to boiling. An internally mounted heater may
supplement the heating supplied by a steam jacket. In some small breweries the mash
cooker also acts as the hop-boiling copper (kettle). Mashing vessels have specified
‘duties’, for example they must be capable of heating the vessel contents linearly at 0.5 or
1 °C/min. Some decoction mashing breweries, and all breweries using double mashing,
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have separate cookers for cooking raw cereal grits. Some may be heated under pressure,
and the higher temperatures achieved are a distinct advantage if rice grits are being used.
Early cookers were often horizontally mounted, cylindrical vessels closed by rounded
ends, heated by a steam jacket and equipped with a helical ribbon stirrer supported by
arms extending from a central rotating shaft (Scott, 1967). Newer cookers are generally
vertically mounted cylinders closed with a rounded base and cover, heated by a steam
jacket and, sometimes, direct steam injection.

6.4.2 Temperature-programmed infusion mashing

Temperature-programmed infusion mashing is less costly than decoction mashing in
terms of number of vessels and energy used, decoction mashing needing 20-50% more
energy (steam). Estimates of typical energy use levels are, for programmed infusion
mashes 8.5 MJ/hl wort, for single decoction mashing 11.0 MJ/hl and for double decoction
mashing, 11.6 MJ/hl. Mashing in a mash mixing vessel (with or without a programmed
rise in temperature) and separating the wort in a lauter tun or mash filter is a more rapid
way of obtaining wort than using a mash tun. The greater speed of processing is achieved
because in two-vessel systems a second mash may be in preparation while the first is
being lautered or filtered. It is not surprising that brewing practices in mainland Europe
and the UK are converging on the use of infusion mash mixing vessels and lauter tuns or
mash filters. In addition there has been a convergence in vessel designs, incorporating
refinements that confer increased heating efficiency, ease of use, reduction in shear by
stirring, flexibility, and reductions in oxygen uptake.

Modern mash mixing vessels, mash cookers, cereal cookers and temperature-
programmed mash mixing vessels are very similar. They often have higher height/width
ratios than older vessels and commonly have two or three heating zones, allowing different
volumes of mash to be heated efficiently (Barnes and Andrews, 1998; Biihler et al., 1995;
Herrmann, 1998; Kunze, 1996; McFarlane 1993; Wilkinson, 2001, 2003; Wilkinson and
Andrews, 1996; Figs 6.11, 6.12). Probably in all newer vessels stainless steel is the only
metal in contact with the mash. Steam jackets were all double walled and later the walls
were ‘dimpled’. Now steam is often supplied to the heating surfaces in semi-circular pipes
welded onto the heat exchange surfaces (cf. Chapter 10). The turbulence in the steam in
the pipes improves its heat transfer efficiency and so the heating performance and, in the
event of sudden cooling or other loss of pressure, the heating system is not so liable to
collapse under vacuum as are double-walled units. Steam heating is applied to the base of a
vessel and to the sides. The side and base heating is applied in zones that are operated
separately so only the zone(s) covered with mash are heated. This arrangement allows
mashes having different volumes to be processed in one vessel. Sometimes, when direct
steam injection is used for heating, the tangential injection of steam helps to mix the mash.
Burning on a heat exchange surface cannot occur but steam condensation slightly dilutes
the mash, local ‘overheating’, with enzyme destruction, must be a risk and the steam must
be ‘pure’ and carry no odorous or other contaminants.

Stirring a mash or transferring it between vessels can create shear which damages the
grist, breaking up the particles, extracting more 8-glucan and perhaps altering the structure
of the particles and making them more gelatinous. One consequence of shear-induced
damage is that wort separation is slowed. Modern stirrers create less shear than the older
types in which propellers with relatively small diameters turned rapidly. Newer stirrers are
larger, extend across about 85% of the vessel diameter, and move more slowly. They cause
less shear and create a minimal surface vortex, mix the mash well, and sweep the mash



202 Brewing: science and practice

(a) GESI Vapour
stack
Pre-masher CIP
CIP
Liquor Inspection
port
U Maximum
level
|—<— Steam
Condensate <——
—<— Steam
Condensate <——
Steam
Condensate Outlet
Agitator drive
Rotation
tip speed
3.8m/s
maximum

Fig. 6.11 (a) A section of modern mash-mixing vessel. Note the inclined base (after Wilkinson
and Andrews, 1996). (b) A plan view of the interior of the base of a mash-mixing vessel, showing
the offset stirrer.

over the heat exchange surfaces causing local turbulence so optimizing heat exchange.
Scaling and local overheating are minimized and so there is little consequent enzyme
destruction and burning on to the heat exchange surfaces (Figs 6.11, 6.12). In some cases
the need for baffles (used to prevent the mash rotating with the stirrer, but inevitably
causing shear) is overcome by mounting the stirrer off-centre (say 5 ° from the vertical) in
the asymmetrical, dished base of the vessel (Scott, 1967; Wilkinson and Andrews, 1996).

Shear during the transfer of mash between vessels in minimized by using gentle
gravity feed where possib