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Abstract

Hops are an essential raw material for beer production in the brewery. The hop constituents give the
beer its bitter taste, additional aroma and can make it more stable. As hops are a cost-intensive
ingredient, the bitter substance yield plays a major role for breweries. Various approaches are available
to increase hop utilization in brewhouses. They range from pre-isomerized hop products or catalysts,
which are only utilized outside the German Beer Purity Law, to different procedures, as well as novel
brewhouse and dosing equipments. Examples include changes in the mashing process, pre-
isomerization systems or fractional wort boiling.

Key words
hops, isomerization rate, hop utilization, iso-a-acids, brewhouse
Introduction

Hops (Humulus lupulus L.) with its constituents are an essential raw material for conventional beer
production and for the manufacture of beers with additional organoleptic, functional or bacteriostatic
properties [1-3]. The female hop plant is predominant [4, 5]. Over 100,000 mt of hops are produced
worldwide, mostly for beer production [6]. In addition to its tannins from the leaves, hops also provide
the essential oils for aroma and the bitter substances typical for beer from the lupulin glands [5, 7]. The
main contributor to beer bitterness is the isomerized form of a-acids (humulones, cohumulones and
adhumulones), the iso-a-acids (iso-humulones, iso-cohumulones and iso-adhumulones) [8-10]. In
addition, the bitterness is also enhanced by other hop constituents: oxidized a-acids (humulinones),
oxidized B-acids (hulupones) and hop polyphenols [11]. Further, a-acids, B-acids (lupulones) and their
transformed products have a bacteriostatic and foam-stabilizing effect in beer [12-16]. The foam
stabilizing effect is stronger with reduced iso-a-acids such as tetra-iso-a-acids and hexa-iso-o-acids
[17]. This review focuses on the hop bitter substances and their isomerization reaction during wort
production and how this can be influenced in the brewhouse with different procedures or applications.
Up to the present state of knowledge, no review has been found which deals with the practical
application opportunities in breweries. However, it is of great importance for the beer production and
cost avoidance.

Fundamentals

The hop a-acids isomerization is a thermally driven chemical conversion of a-acids into iso-a-acids [4,
7]. The rearrangement within the molecule takes place via an acyloin ring contraction [18, 19], Figure 1.
According to Aitken [20], the reaction is reversible. The isomerization depends on the temperature and
must be above 80 °C [21]. De Keukeleire and Verzele [22] discovered in 1970 that the chiral a-acid is
present in the absolute R configuration. Two epimers are formed during isomerization reaction: cis- and
trans-iso-a-acids. In the boiled wort, six iso-o-acids are existent in total: iso-humulones, iso-
cohumulones and iso-adhumulones with their respective cis and trans arrangement [23-25]. The ratio,
in which the trans/cis isomers (T/C ratio) are formed, depends on the wort matrix. According to Verzele
and De Keukeleire [26], at pH 5.5 and 7.0, 32% trans-iso-a-acids and 68% cis-iso-a-acids resulted. At
higher pH values of 9.30 and 11.05, proportionally more cis-isohumlones were formed. Liu et al. [27]
revealed that higher pH values (4.66 to 5.86) favor the formation of trans-iso-a-acids. Jaskula et al. [28]
observed no significant difference at higher pH values (4.8 to 7.0) on the T/C ratio, despite faster a-
acids conversion due to better solubility.
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Favorable for the final product is the cis-isomer, because it is the most thermodynamically stable, since
both vicinal side chains are in trans configuration [26, 29]. The trans-iso-a-acids are more susceptible
to radical autoxidation due to their arrangement of the side chains [30]. De Clippeleer et al. [31]
determined, that a beer bittered with cis-iso-a-acids does not necessarily result in an improved flavor
stability in addition to the better stability against degradation, compared to the trans-iso-a-acids. They
further concluded that the specific degradation of trans-iso-a-acids cannot be linked to the formation of
aldehydes attributed to hop bitter acids, such as 2-methylpropanal, 2-methylbutanal and 3-
methylbutanal. By contrast, the cause of aldehyde formation during beer aging depends on the malt
utilized for brewing, irrespective of the type of bittering.

Hop bitter substance utilization

The utilization for the conversion of a-acids to iso-a-acids during wort boiling is only between 40-65%
[26, 32, 33]. Since there is a large number of influencing factors, it is difficult to give an exact
estimation. Isomerization in the brewhouse is prevented or blocked by impediments in extracting the
a-acids from the hops, the limited solubility of a-acids in wort in combination with the pH value,
incomplete isomerization during wort boiling as well as adsorption of a-acids and iso-a-acids on the
hot trub. It should be mentioned that, in addition, an oxidative and non-oxidative breakdown of iso-a-
acids during wort boiling and in beer takes place, which affects the quality and intensity of bitterness
[34, 35]. Reactive oxygen species from lightphotons can be responsible [34, 36, 37]. To prevent
degradation of iso-a-acids by UV light in beer, breweries can dose reduced iso-o-acids such as rho-
ISo-a-acids, hexahydro-iso-a-acids or tetrahydro-iso-a-acids in the cold end [7, 38, 39]. However,
different qualities of bitterness must be taken into account [38]. While tetrahydro- and hexahydro-iso-
a-acids in lager beer have a similar bitterness to iso-a-acids, rho-iso-a-acids show a significantly lower
degree of bitterness [40]. In water solution, rho-iso-a-acids also present a lower bitterness of 67%,
hexahydro-iso-a-acids exhibit a slightly increased bitterness of 115% and tetrahydro-iso-a-acids have
a doubling with 203% compared to iso-a-acids [41].

The solubility of a-acids has been frequently investigated in the literature [42, 43]. For wort, a
compromise has to be determined between a suitable pH value for the solubility of the a-acids and the
isoelectric point for proteins, pH 5.2 [44, 45]. Narziss and Back [46] cited from Wd&llmer [47], that the
a-acids have a solubility limit of 84 mg/L at boiling temperature and a pH value of 5.2. Iso-a-acids
show, according to Hertel and Dillenburger [48], a more than 28-fold increase in solubility with over
2400 mg/L. However, the solubility is strongly pH dependent, the higher the alkalization the higher
the solubility of the a-acids and the higher the isomerization rate, since a larger amount of a-acids is
dissolved. Above a pH value of 12.0 the degradation of iso-a-acids predominates, therefore strong
bases should be excluded as isomerization medium [26]. This pH value is not the norm in breweries;
hence, this finding is rather decisive for pre-somerization outside the brewery. Nevertheless, it should
be noted that mash or wort acidification, and thus a lower pH value for isomerization reaction, results
in a pleasant bitterness in beer [49].

In a series of experiments, Askew [50] determined the losses of a-acids and the increase of iso-a-acids
in different solutions, at various pH values and temperatures. As a result, the loss of a-acids follows
first order reaction. In addition, the experiments showed that this first-order kinetics is not valid back
to zero time, if there are large losses in the first minutes after a-acid dosage. Malowicki and
Shellhammer [51] confirmed the isomerization reaction to be a reaction first order, where reaction rate
depends on the temperature. Additionally, the rate constants and the activation energies for the

4
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isomerization reaction and for the degradation reaction of the iso-a-acids to non-determined substances
were specified. Significant degradation reactions of iso-a-acids to humulinic acids, which have no
sensory bitterness [52], and other substances [53] occur especially at extended boiling times, which
exceeded two half-lives of the a-acids concentration [51]. In order to better assess the degradation of
the iso-a-acids, Kappler et al. [54] conducted a series of experiments where pre-isomerized pure iso-
a-acids were treated in a variety of liquid media. Degradation of iso-a-acids could be minimized by
reducing the original gravity, temperature, water hardness and increasing the pH value. To apply these
results in the brewery, e.g. in high-gravity brewing, separate boiling of the hops in the last runnings is
suggested [54]. Huang et al. [53] investigated in 2013 the Kinetics of iso-a-acids degradation as a
function of time, temperature and pH by boiling experiments in an aqueous buffer model system. The
results showed that an increase in the pH value of the liquid medium led to an increase in degradation.
At the same time, the reaction energy is reduced by about 20 kJ/mol if the pH value is increased from
4510 5.5 and from 5.5 to 6.5. However, with the increase in temperature, the influence of the pH value
on the degradation of iso-a-acids decreased significantly.

Another decisive factor, which influences the hop bitter substance yield, is the original gravity. With
increasing original gravity the losses of the bitter substance yield increase respectively [27, 55, 56].
Malowicki and Shellnammer [57] revealed in laboratory experiments with different sugar solutions
(glucose and maltose each with 10 % w/w), pH values and calcium concentrations that both the
different sugar concentrations and the calcium have no influence on the isomerization rate. In the actual
wort matrix, trub formation still influences the isomerization reaction, which was not considered in this
series of experiments. Jaskula et al. [28] confirmed with a buffer model system that the presence of
glucose has no effect on the isomerization reaction at the concentrations used, 12 g glucose/100 g
buffer solution and 16 g glucose/100 g buffer solution. In addition, it was found that hop polyphenols
also do not have an effect on the conversion of the a-acids.

In the colloid chemical investigations of hop bitter acids, Luers and Baumann [58] discovered that
coagulated protein acts as a strong adsorbent for the bitter substances in hops. This finding was also
described by Walker and Parker [59], losses of humulone are depending on the amount of coagulated
and precipitated nitrogenous material present in the wort. By removing the coagulated and precipitated
colloids before adding the humulone, the adsorption losses could be minimized [59, 60]. Furthermore,
it is described that the hop bitter acids, especially iso-humulones, form ionic bonds to the the e-amino
group of lysine in foaming proteins due to their higher concentration [61]. According to their
experimental results, Howard and Slater [62] published an order of chemical reactivity of hop bitter
acids for precipitation with proteins (highest first): adhumulone, humulone, cohumulone, iso-ad-
humulone, iso-humulone, iso-cohumulon. Thereby, the reaction behaviour of the acids is competitive
rather than independent [62]. Askew [50] noted that in addition to proteins and tannins, other
substances, such as proteoses and peptones, might be responsible for losses of a-acids. Further studies
confirmed that cohumulone has the best utilization compared to n- or adhumulone [31-34]. This
finding is independent of hop variety or brewhouse [32, 33]. Furthermore, there was no change in the
ratio of iso-cohumulone to other iso-a-acids observed during fermentation and maturation [32]. Irwin
[35] added, that the better utilization of cohumulone is due to enhanced losses of humulone and
adhumulone while wort boiling and of the isomerized products (iso-humulone and iso-adhumulone)
during fermentation. On the other hand, it is reported that the less polar iso-a-acids, isohumulones and
isoadhumulones, react more strongly with yeast cells, which leads to an increase of isocohumulone in
beer [63].
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Hanke et al. [64] revealed that increased hot trub is produced with increasing boiling time, with addition
of hops, especially during short boiling times, and with wort acidification (Figure 2, a). Acidifications
with technical lactic acid (90%) to pH 4.8 at the beginning of boiling initially showed a fine trub, which
became coarser and settled. Adjustments at the end of boiling (pH 4.8) resulted in a rapidly forming,
coarse trub. Compared to the unacidified wort with a recovery of 33.24% iso-a-acids, the initially
acidified wort contained 19.04% and the wort acidified at the end of the boiling process 32.76%.
However, the decisive factor for the bitter substance yield is that the formation of trub is also promoted
by bitter substances, but the loss of bitter substances through degradation reactions is higher than the
losses to the trub [64, 65]. Jaskula et al. [29] found prevailing losses of iso-a-acids with the hot trub.
In further experiments by Rakete et al. [66], it was shown that incubation of trans-iso-a-acids with L-
proline led to the formation of carboxylic acids and corresponding amides. Since high temperatures
prevail during wort boiling and oxygen is involved, it is assumed, that this hydrolytic cleavage also
takes place during boiling after the addition of hops.

In the subsequent processes (fermentation, maturation, and beer filtration), the losses of a-acids
predominate [56, 67].

Irwin et al. [68] studied the relationship between hopping rate (0.12 to 0.21 kg/hL), boiling time and
a-acids utilization in a high-gravity (16 °P, pH 5.0) lager wort. The results indicated that the utilization
of humulones, ad- and cohumulones decreases with increasing hopping rate (Figure 2, a). Actual
relationship between the utilization and additions revealed to be non-linear in the study. McMurrough
et al. [69] confirmed in their model system (12.0 °P, pH 4.8), that the utilization of a-acids increases
with decreasing a-acids addition. 51% of the iso-a-acids produced (by adding 330 mg/L) could be
detected in the hot trub, another 1.5% in cold trub.

The manifold experiments on the influences on hop isomerization consistently revealed combinatorial
effects of the parameters on hop isomerization. It was shown by Bastgen et al. [70], that at high original
gravity (17 °P) lower pH values were advantageous to achieve a better hop bitter substance yield. The
lower the original gravity, the greater the influence of the pH value. Furthermore, an extension of the
boiling time is not advisable, especially at higher pH values (pH 7.0) , because the isomerization
proceeds faster due to a better solubility of the a-acids (Figure 2, a).

Application in the brewhouse

For breweries, the yield of bitter hops is of importance, since hops are paid according to their a-acids
content. It is particularly noticeable in the calculations of craft breweries that hops represent a
substantial part of the costs, about 12% of the raw material charges if dry yeast is used and about 20%
without the application of dry yeast [71]. There is a variety of technologies, equipments, in-process
methods or alternative hop products available to increase the hop bitter yield in the brewhouse. An
overview is given in the following section.

In 1952, Specht [72] carried out investigations concerning an extraction process for hop bitter
substances in an aqueous solution (water, wort, last runnings) at 50 °C using ultrasonic waves. The
bitter substance yield could be increased by applying ultrasonic waves while the extraction rate of the
hop tannins was reduced. Further publications by Arentoft et al. [73] and Hoggan [74] have also
indicated that ultrasound leads to improved hop extraction in water or wort. His application in the
brewhouse was not established.



The utilization of metal ions outside the brewery for the production of pre-isomerized products has
been demonstrated and patented several times [75, 76]. A significantly accelerated isomerization of
humulones to iso-humulones is reached by cations like Ca®*, Mg?*, Cd?*, Mn?* and Ni%* [77, 78].
However, due to e.g. toxic effects, some cations are not suitable for the food sector. By using Mg?*, a
quantitative isomerization took place within 10 min at 70 °C. Neither a significant amount of side
products nor degradation products were formed during the conversion [79]. Kéller [79] concluded that
Mg?* is superior for the application in breweries. Lance et al. [80] found a partial isomerization without
recognizable degradation reactions of antimony, barium, cadmium, cerium (1), potassium, sodium,
strontium, tin (II) and zinc humulate salts, while iron (1) and iron (I1l) salts showed partial
isomerization with simultaneous degradation.

In investigations concerning the utilization of metal ions in wort (Figure 2, b), Jaskula et al. [28]
showed an increase in the isomerization rate by adding 5 mg/L chloride salts of K*, Na*, Ca?*, Mg?*,
Al and especially by Fe*. However, Fe3* has a negative effect on taste stability and should therefore
be avoided in the finished beer. In total, metal catalysis produced a significant reduction in the T/C
ratio at the end of the wort boiling, which implies improved bitterness stability during beer storage
[28].

Magnesium sulphate is mostly utilized in breweries [81]. In Germany, the addition of catalysts is not
permitted according to the German Purity Law. Therefore, Plapperer [82] performed research on an
alternative vessel material, soapstone (magnesium silicate hydrate), for hop isomerization. Under
laboratory conditions, ground hop pellets (80 mg/L) were boiled in wort under reflux in a soapstone
vessel and comparatively in an Erlenmeyer flask for 60 min. The magnesium contained in the
soapstone catalyzed the isomerization reaction, resulting in higher yields. Since a soapstone vessel of
the size normally used in breweries is difficult to build, stirrers with appropriate material could be
alternatively applied [82].

Apart from the technologies and metal cation dosing mentioned above, there is, as already mentioned,
a variety of hop products available on the market (Figure 2, ¢). The aim of these products is to guarantee
a constant quality with low variations in composition, easy handling and a small storage area [1]. In
addition, hop products are intended to increase efficiency in the brewery [83]. The following types of
hop products are classified: conventional products like hop powder/pellets and hop extracts, isomerized
hop products, and other hop products [7, 46, 83, 84]. In 2010, hop pellets (49%) were mainly applied
in breweries (Figure 3), followed by extract (28%), isomerized products (21%) and raw hops (2%) [7].

For the manufacturing of the pre-isomerized products, catalysts such as magnesium oxide [85] or
magnesium hydroxide [86] are utilized. Alternatively, there have also been studies on producing iso-
a-acids by e.g. photoisomerization using an irradiator [87-89]. For pre-isomerized products, there are
two application periods: in the brewhouse and after fermentation. Isomerized hop pellets and
isomerized kettle extracts are utilized in the brewhouse. Downstream products and post-fermentation
bittering products are intended for use after fermentation [86]. With isomerized hop products the yield
can be increased to 45-80% compared to 30-35% with conventional products. The comparison of
pellets type 45 and a pure ethanol resin extract, determined a slight increase by using a pure ethanol
resin extract, whereby different boiling time optima must be considered [90, 91]. Pre-isomerized
products in particular increase the hop bitter substance yield and reduce the boiling times in relation to
the isomerization rate [84, 92, 93]. Compared to regular pellets, isomerized pellets show especially a
significant increase in utilization with late hop addition in the wort kettle. The same applies for the
7



comparison between a CO»-Extract and an Isomerized Kettle Extract (IKE) or Potassium-form
Isomerized Kettle Extract (PIKE). Isomerized extracts generally achieved a higher yield, since fewer
degradation reactions occur during production and they are therefore purer than isomerized pellets [93].

Other possibilities to increase the isomerization rate in the brewhouse are changes in the brewing
process.

Jaskula et al. [60] investigated the effects of increasing the mashing-off temperature (Figure 2, d).
Mashing took place at 63 °C for 30 min, 72 °C for 20 min and 1 min at 78 °C or 10 min at 95 °C. The
mashing-off at 95 °C enabled the coagulation of proteins already during the mashing process and not
only afterwards, during wort boiling. Consequently, the adsorption of a-acids on the hot trub during
wort boiling was reduced. In addition to the higher utilization of the a-acids (plus approx. 36%) during
the 90-minute boiling, an improved profile of iso-a-acids (e.g., reduced quantity of trans-iso-a-acids)
was achieved. There were no effects on the taste stability of the beer depending on the mashing-off
temperature. Investigations on the impact of starch washed out during the last running process, which
can not be degraded due to inactivated a-amylases, were not carried out [60].

Further possibilities include changes of the brewhouse plant, parallel treatment of the hops during wort
boiling up to 98 °C (patented by Ziemann Holvrieka GmbH [94-96]), pre-isomerization before wort
boiling over 100 °C (patented by GEA Brewery Systems GmbH [97]) [98-101] and dynamic low-
pressure boiling [102-104].

Bastgen et al. [105] compared the effects of the lautering systems available on the market (lauter tun,
mash filter and continuous rotary disc filter) and their worts on hop isomerization (Figure 2, e). The
results demonstrated that the boiling and dosing times of the hops have to be adjusted for each wort in
order to obtain optimum isomerization rates. It was found that the total boiling time in relation to the
application of the lauter system has to be increased from the continuous system via the mash filter to
the lauter tun [105]. It is important to mention that the continuous lauter system separates four parallel
wort flows with different compositions. This enables a separate hop isomerization with low
concentrated wort (Figure 2, f). Figure 4 shows the parameters of the individual wort flows of the
continuous rotary disc filter. The application of the last runnings or the low concentrated wort
(depending of the lauter system) for the hop isomerization enables an improved solubility of the a-
acids due to the higher pH value. In addition, the wort with its lower extract content contains fewer
substances that interfere with the isomerization process. In order to avoid losses of iso-humulones
during wort boiling, especially when using iso kettle products, separate hop boiling with the last
runnings (Figure 2, g) is advisable according to Kappler et al. [54]. Additionally, Yamashita et al. [106]
demonstrated with a fractional boiling of the first wort and the last runnings without hops and
appropriate boiling times, that Strecker aldehydes in the wort can be minimized. Some of them are
related to beer staling [106]. In the study of the oxidative stability of worts, Wietstock et al. [107]
revealed, a hopped wort leads to significantly lower amounts of Strecker aldehydes in stored beer,
compared to an unhopped wort. Since, the hop a- and B-acids minimize radicals in the wort during
boiling [107].

In the pre-isomerization system presented by Hertel and Dillenburger [108], hops are heated up to

120 °C in a partial wort flow or water in a separate isomerization vessel (Figure 2, h). The temperature

control follows a special scheme in order to avoid losses of bitter substances [101]. In addition, this

system can be supplemented by an extraction chamber, where the bitter substances are extracted

specifically by bitter substance-free wort [109]. Either the isomerized hop fluid is dosed into the wort
8



kettle while lautering or during wort boiling or it is added to the wort before wort cooling in order to
reduce losses due to adsorption to the trub [101, 108]. Investigations proved that it is possible to reduce
the hop dosage by 25% in order to achieve the same taste impression compared to conventional hopping
[101, 109]. Both hop pellets and hop extract can be processed with the system. The usual extraction-
related differences in the yield from pellets to extract can be reduced by the pre-isomerization in the
system [110, 111]. The investigations by Takishita et al. [112] showed that pre-isomerization in the
brewhouse using hop pellets in a separate vessel at pH 8.0 and a boiling time of 60 min is favourable.
Additional trials showed no significant difference in the bitter quality of the beer, despite different
dosing times for the pre-isomerized hops.

Dynamic low-pressure boiling (Figure 2, a) takes place at temperatures of 102-103 °C. Dynamic
describes the periodic pressure build-up and reduction, which can be repeated as required up to 15
times. Due to the higher temperatures, it thus accelerates hop isomerization with a shortened boiling
time. The system is particularly advantageous for breweries at high altitudes, as the boiling
temperatures below 100 °C are compensated [102-104].

Another alternative to wort production in the brewhouse is the utilization of hopped wort concentrates.
This method is more profitable for smaller breweries as the investment for a brewing plant is bypassed
in this way. However, the production of hopped wort concentrates presents the next challenge. During
the concentration of the hopped wort in the vacuum falling film evaporator losses of 15% to 25% of
IS0-a-acids occurred. The exact cause has not yet been clarified [71].

Conclusions

There are many strategies to increase the hop isomerization. Figure 2 summarizes the different options
for hop dosing in the brewhouse. In this review, the focus lies on the isomerization of the hop a-acids
in the wort, the addition of aroma hop is not considered. Within the German Purity Law the utilization
of metal cations and pre-isomerized hop products is not allowed. Remaining options are the adaption
of the temperature management e.g. at mashing-off as well as a preisomerization and a parallel hop
systems which are utilized to increase the hop yield in the brewhouse. It is not yet clarified what effect
the non-degraded starch has on the final product, as the enzymes are inactivated at a mashing-off
temperature of 95 °C instead of 78 °C. The two presented hop systems for increasing hop yield in the
brewhouse differ due to the prevailing temperature. At temperatures above 100 °C, present in the pre-
isomerization system, the isomerization is accelerated due to the higher temperature compared to 98 °C
that is present in the parallel isomerization system. However, due to the parallelism, sufficient time for
the process is available. For the utilization of such systems in the brewhouse, the existing equipment
must be taken into account and an appropriate selection must be made.

This review provides an overview of practical applications for increasing hop yield, but not every
possibility seems to be profitable or applicable for every brewery. Basically it is a decision of
philosophy and also of the existing equipment as well as the available financial means which concept
a brewery should apply.
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Captions:

Figure 1: Chemical mechanism of isomerization of a-acids to iso-a-acids via an acyloin ring
contraction [18, 19].

Figure 2: Technological possibilities of hop dosing to increase the isomerization rate of hop a-acids
in the brewhouse. The letters a-h are mentioned at the corresponding positions in the text.

Figure 3: Utilized cone hops on the world market 2010, divided into hop products [7].

Figure 4: Wort flow parameters of each module of the continuous rotary disc filter. In comparison
a preboil wort of a lauter tun (n = 2 samples; n = 1 lauter tun) [113].
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Figure 1: Chemical mechanism of
isomerization of a-acids to iso-a-acids via an
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Figure 3: Utilized cone hops on the world market 2010,
divided into hop products [7]
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Figure 4: Wort flow parameters of each module of the continuous rotary disc filter. In
comparisz@awboil wort of a lauter tun (n = 2 samples; n = 1 lauter tun) [105].
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