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The popularity of hop-forward American craft beers has had a profound impact on the
use of hops as an ingredient; where hops were once thought of as the “spice” of beer, they
may now be considered the primary driver of flavor in beer styles such as American India
Pale Ales. Dry-hopping, which is the cold, aqueous extraction of hops into beer or
partially fermented wort, has become a key tool for brewers in imparting beer with
intense hoppy aroma. The widespread adoption of this technique has led to brewers using
increasingly large quantities of hops for dry-hopping, with the consequence that the full
potential of the hop is often not realized. In addition to flavor, hops can make a
substantial contribution to the environmental impact of highly hopped beers and are an
expensive raw ingredient. Therefore, the research presented herein was undertaken in
order to better understand the efficiency of dry-hopping, in addition to ways hops may be
better utilized, or potentially re-used.
The retention of valuable volatile and non-volatile hop components within spent hops,
as well as their extraction into to beer, on both a pilot and industrial scale was
investigated. On the pilot scale (80 L), an un-hopped pale ale was statically dry-hopped

with differing lots of whole cone Amarillo, Centennial, and Cascade at a rate of 386 g/hL
(1 lb/bbl) for 24 hours at 13 °C (55°F). Spent hop material was also collected from a local
brewery that dry-hopped ~60 hL (50 bbl) of beer at a rate of 1592 g/hL (4.125 lb/bbl).
Approximately one-third of the dry-matter composition of hops was lost during dryhopping regardless of hop variety; however, there was high retention of both α-acids
(77% pilot scale, 52% industrial) and hop essential oil (51% pilot scale, 32% industrial).
The oil remaining in the spent hops was enriched in hydrocarbon compounds and
depleted in oxygenated compounds. These results indicate that spent dry-hops contain
considerable brewing value and have the potential for re-use.
Given their high retention of bitterness precursors, spent hops were explored as a
source of beer bitterness. Spent hops from dry-hopping were collected from a local
brewery, in addition to samples of the same pelletized hops used to dry-hop that specific
brand. Hop acid utilization rates were measured on a lab scale using 1.5 L of un-hopped
wort dosed separately with spent hops or hop pellets and boiled for 60 minutes in 5 L
round-bottom flasks, and also on two pilot scale (~160 L) brews. Lab scale utilization
rates for the hop pellets and spent hops were not significantly different, both averaging
~29%. On the pilot scale, utilization rates differed, at 21.2% and 27.2% for the hop
pellets and spent hops, respectively. Finished pilot scale trial beers were then statically
dry-hopped with Cascade hops at a rate of 386g/hL (1lb/bbl) for 48 hr at 13°C (55°F) in
50L treatments, resulting in four beers for sensory analysis.
The dry-hopped beers were found to be significantly different via an unspecified
tetrad test, and this outcome was likely due to differing bitterness intensities of the two
treatments. The higher bitterness of the spent hop beer was confirmed via a two-

alternative forced choice test. Nevertheless, consumer testing for overall liking and liking
of the beers’ aroma and bitterness showed no significant differences between any
pairwise comparisons of the four beers. These results demonstrate that from both an inbrewery utilization and organoleptic perspective, spent hops from dry-hopping could
provide a feasible alternative to traditional kettle additions, while potentially saving
brewers money and reducing environmental impact.
A simple technique widely used in industry to increase overall hop aroma intensity of
dry-hops was also studied, whereby brewers add hops to beer in multiple lower doses, instead
of a single, high-dose hop charge. The actual efficacy of this technique has not been tested or
published, and the goal of this third study was therefore to compare the compositional and
organoleptic properties of beers alternately produced by single or two-stage dry-hopping at
the same cumulative rate on both the pilot and commercial scale. On the pilot scale (80-100
L), a filtered, un-hopped base beer was subjected alternately to single- or two-stage dry-hop
additions at rates of 386, 772, and 1544 g/hL; commercial beers (~350 hL batch size) from a
regional brewery were dry-hopped at a cumulative rate of 733 g/hL in single or two-stage
additions. Pilot scale dry-hopped beers showed increases in residual extract, pH, bitterness
units, humulinones, and total polyphenols, accompanied by a decrease in iso-α-acids, with
increasing dose. Changes in bitterness units, humulinone, and iso-α-acids all appeared to be
more pronounced in the two-stage dry-hopped beers. In contrast, single- and two-stage dryhopped commercial beers were nearly identical in terms of chemical composition. A trained
panel was used to scale six aroma attributes among the pilot scale dry-hopped beers, and
significant increases in all six of the aroma attributes were observed with two-stage dryhopping relative to single additions at the same cumulative hopping rates. Slight increases in
aroma potential were observed for the commercial beer made with two-stage additions,

although these differences were not statistically significant. Taken together these results
illustrate the impact multi-stage hopping additions have on dry-hop aroma potential and
provide direction to the industry to consider whether multi-stage dry-hopping may yield
desirable results in their breweries, given the potential to achieve similar or higher aroma
yield using less hop material.
This research has demonstrated the inherent inefficiency of dry-hopping and proposed
two techniques by which hops can potentially be better utilized. The results of these studies
will help provide direction to and incite further discussion among brewers and researchers
towards the more sustainable use of hops in beer production.
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CHAPTER 1 - INTRODUCTION
This introduction is organized into four subchapters (and a conclusion), with each
providing important context to the research presented in the subsequent chapters of this
thesis. Section 1.1 introduces the brewing process, the use of hops in beer, and the
relationship between hops and the American craft beer boom. Section 1.2 covers the
chemical composition of hops. Section 1.3 explores the various ways in which hops are
added to beer, and the utilization of bitterness and flavor/aroma during these additions.
Section 1.4 outlines the sustainability challenges facing the beer industry, and
investigates the contribution of hops to the environmental footprint of beer production.

1.1. Overview: hops and brewing
1.1.1 A concise overview of the brewing process
Traditionally, brewing involves the use of four specific ingredients: malted barley,
water, hops, and yeast, and typically follows the same few process steps in spite of the
use of a vast array of different technologies and approaches. These production steps start
with milling the malted barley and subsequently mashing (soaking the milled barley in
warm water to primarily facilitate the breakdown of the malt carbohydrates into
fermentable sugars by endogenous enzymes). Next, the sugary solution (wort) is
separated from the solid grain waste, transferred to the brew kettle, and boiled for
typically 60-90 minutes. It is during this boiling stage that the kettle hops are added to the
wort, where the primary precursors of bitterness in beer, α-acids (humulone and its
analogues), are isomerized and extracted into the wort as iso-α-acids. Hops also
contribute to the colloidal stability, microbial stability, and foam stability of finished
beer, among other aspects.1 Once the boiling stage is complete, the spent hops are
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separated from the wort, which is then cooled, inoculated with yeast, fermented, aged,
carbonated, and packaged, resulting in the product we know as beer. Many of these
stages involve the consumption of heat and/or mechanical energy, and also generate solid
and/or liquid waste, which have associated sustainability implications.

1.1.2 Hops – the wolf among sheep
Mentions of hops can be found as early as the first century C.E. in Plinius’s
“Naturalis Historia,” where they are noted as a food source, and also for growing between
and killing the willow trees, “like a wolf between sheep.”2 Hops have long been prevalent
as an ingredient in beer and are thought to have been used in brewing as far back as 3000
years by the Sumerians and Egyptians; in the modern world, hops began to be used
extensively in brewing in Germany in the 12th century, and were introduced to the
Americas in the 17th century.2 There are three species of hops, which comprise the genus
Humulus, a group of dioecious, perennial, climbing bines. In brewing, however, only the
cones of the female Humulus lupulus L plant are of value, and roughly 97% of cultivation
worldwide is destined for brewing purposes.3 Hops are only grown between 35 and 55
degrees latitude as they require long days in summer and cold winters. Production is
centered in Germany and the United States, which combined account for 75-80% of
worldwide production.3-4 Hop production in the United States mainly takes place in
Washington, Idaho, and Oregon, with Washington accounting for 75% of production in
the Pacific Northwest.5
The brewing value of hops is found primarily in the lupulin glands, which contain
both the resinous acids that give beer its characteristic bitterness and the volatile oils that
contribute to its flavor and aroma. In general, the relative proportions of these two
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components dictate how and when hops are used in the brewing process. In practice, hops
can be divided into bittering/dual purpose and aroma hops in accordance with their
desired function; bittering or kettle hop additions are carried out early in the boiling stage
of brewing to maximize the utilization of bitter acids, and aroma hops are added towards
the end (late hop, whirlpool additions etc.) in order to reduce the loss of volatiles that
contribute to flavor and aroma. Aroma hops can also be added to fully or partially
fermented wort, in a process known as dry-hopping.

1.1.3 The relationship between craft beer and hops
It is undeniable that there has been a boom in craft beer in the past two decades.
Between 2007 and 2017, the number of craft breweries in the Unites States rose from
over 1500 to nearly 6400, an increase of over 400%. Even as overall beer volume sales
decreased by 1% in 2017, craft volume produced and retail dollar sales increased by 5
and 8% respectively, and accounted for 12.7 and 23% of the United States beer market,
according to the Brewers Association. There is also clear evidence that the craft beer
boom has coincided with an India Pale Ale (IPA) boom. From 2008 to 2017, estimated
IPA production for off premise-sales increased nearly tenfold, and in 2017 the IPA style
accounted for roughly 20% of the overall craft market (nearly $6 billion).6 What’s more,
these data likely underestimate the true growth of the IPA style, given that they only
account for production intended for off-premise sales. The key to IPA flavor is the New
World hop, a fact which is clearly reflected by the increase in average reported hopping
rates of craft brewers from 359 to 610 g/hL between 2007 and 2017. The trend of
increasing hop consumption is closely mirrored by production; from 2012 to 2017, hop

4

United States hop acreage increased 79.5%, and shifted from roughly even production of
aroma/dual purpose hops to 80% aroma acres.5

1.2 Hop composition
1.2.1 Proximate composition and products
Hops are mainly of interest as a flavor component, providing beer with its
characteristic bitterness and aroma, but also act as a natural antimicrobial and
preservative. The structure of brewing value in hop cones is the lupulin gland, a yellow,
resinous powder that contains the hard and soft resins, hop oils, and polyphenols. The
main components of lupulin were originally identified based upon their solubility; soft
resins contain the α- and β-acids related to the bitterness contribution of hops; hard resins
are thought to contain oxidation products of the soft resins; the oil component contains
volatile compounds that contribute to flavor and aroma. The major proximate
components of dried hops are as follows: 40-50% cellulose and lignins, 15% protein, 217% α- acids, 2-10% β-acids, 8-12% water, 10% ash, 3-6% polyphenols and tannins, 15% lipids and fatty acids, 0.5-3% hop oil, 2% pectin, 2% monosaccharides.7
The main hop preparations used in industry today are dried cones, pelletized hops,
and hop extracts. Pellets are produced following the low temperature milling of cones,
and are generally identified by a numerical “type” which refers to the percentage of the
original hop that remain in the pellet. For instance, a Type 90 pellet (and industry
standard pellet) historically had about 90% of the weight of the whole cone starting
material. With advances in hop processing technology, the current Type 90 pellet is
closer to 95-98%. Hop products such as pellets and extracts occupy less space, are more
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concentrated, more stable (with respect to resins), and generally less prone to fluctuation
in chemical composition than whole cones.8

1.2.2 Non-volatile Chemistry
1.2.2.1 Hop resins
The principally important non-volatile components of hop cones can be found in the
resinous fraction, which typically accounts for 15-30% of the mass of dried hops.3 As
mentioned, non-specific resin fractions can be determined based on their solubility in
various organic solvents; the total resins are soluble in diethyl ether and cold methanol,
within which the soft resins are soluble in hexane and the hard resins are not.7 The soft
resins contain the α- and β-acids as well as their congeners (co-, ad- and to some extent
pre- and post- humulone and lupulone). The constituents of these series differ in the
nature of their side chains, which are derived from the hydrophobic amino acids leucine,
valine and isoleucine for humulone/lupulone and the co- and ad- constituents
respectively.1 These components are weak acids, have low solubility in water, and have
nearly no bitter taste at their solubility limits in water or beer.1 Indeed, recent research
has confirmed that the α-acids have a negligible impact on beer bitterness.9-10 The exact
composition of the hard resins is not well understood, with the exception of xanthohumol,
which will be touched on briefly in the section covering polyphenols; nonetheless, the
potential use of this fraction as a source of beer bitterness has been demonstrated.3, 11
Heat-catalyzed isomerization of the α-acids during wort boiling gives rise to the isoα-acids, which are the primary group of compounds responsible for beers’ characteristic
bitterness. Oxidative cleavage of hop resins’ acyl side chains can give rise to cheesy
smelling organic acids, and additionally, a number of compounds can arise from
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oxidation of the ring systems of hop resins.12 The humulinones and hulupones are
perhaps the most well-studied and most flavor-relevant oxidation products of the α- and
β-acids. Algazzali and Shellhammer13 found that the humulinones and hulupones were 66
and 84% as bitter as the iso-α-acids, respectively, using a trained descriptive analysis
panel to assess experimentally spiked, un-hopped lager beer, although a wide range of
relative bitterness has been reported. In the context of commercial beers, Ferriera et al.
found humulinones to be particularly important in dry-hopped Belgian beer styles, and
estimated that they account for up to 28% of the bitterness of such beers.14 Humulinone
concentration has also been found to be an important constituent of nonvolatile chemistry
underlying sensory bitterness in highly-hopped American beers.10 A number of
selectively hydrogenated hop acids are also commercially available (dihydro-,
tetrahydro-, and hexahydro-iso-α-acids). These compounds are often used to enhance the
foam and light stability of beers, and have a different bitterness intensity and quality
(sometimes described as more harsh or metallic) than iso-α-acids.15-18

1.2.2.2 Polyphenols and carbohydrates in hops
Polyphenol (compounds containing at least one phenol unit) content of dried hop
cones varies by variety but generally ranges from 3-8%.4 The classes of phenolic
compounds found in hops include simple phenols, benzoic acid derivatives, cinnamic
acids, coumarins, chalcones, flavanones, flavones, flavan-3-ols, and proanthocyanidins,
among others.19 In brewing, polyphenols are most well-known as haze precursors, which
can form complexes with proteins and cause issues in appearance, and also for their
contribution to the astringent mouthfeel of beer. Polyphenols can also be potent
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antioxidants, although their relationship to beer flavor stability with regard to oxidation is
not clear-cut. Xanthohumol, a prenylflavanoid that is only found in appreciable quantities
in hops, has recently garnered attention for its potential human health benefits, and its
cancer preventative effects have been well documented in in-vivo studies.20
Although the carbohydrate components of hops are not well-studied or considered to
be very important, recent research has shown that hop enzymes can have an impact on the
carbohydrate composition of beer.21 Frequently referred to by brewers as hop creep, it has
been well documented that dry-hopping in the presence of yeast can lead to refermentation and therefore higher than projected levels of both alcohol and carbonation in
beer.22 Recently, Kirkpatrick and Shellhammer23 confirmed the presence of numerous
starch-degrading enzymes in hops which were able to liberate fermentable sugars from
glucose oligomers, the effect of which was impacted by time, temperature, and dose.

1.2.2.3 Non-Beer Applications
Hop acids have a recognized bacteriostatic activity against gram positive bacteria,
which is attributed to the interaction of their prenyl side chains with bacterial cell
membranes.1 These components inactivate lactic acid bacteria during beer production
which in turn limits contamination and organoleptic changes in beer. α- and β-acids have
been shown to be effective antimicrobial agents against some Bacillus, Micrococcus,
Staphylococcus, Mycobacterium, and Streptomycetes.24 Roj et al. tested the minimum
inhibitory concentration of hop extract with 41% and 19.5% of α- and β-acids
respectively for variously sourced L. monocytogenes, B. cereus, Lactobacillus, and S.
aureus and obtained low values (2.5-20ug/mL for pathogens, 40-80 for Lactobacillus)
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indicating a potential role in food safety and preservation applications with minimal
organoleptic effects.24 The extract tested also had no inhibitory effect on the gut E. coli of
an adult, which indicates the advantage of these extracts over some conventional
antibiotics. Kramer et al.25 tested the antimicrobial activity of extracts containing α- and
β-acids as well as xanthohumol against food pathogens including L. monocytogenes,
Staphylococcus aureus, Salmonella enterica and Escherichia coli. The β-acid and
xanthohumol extracts were found to be good inhibitors of gram positive bacteria,
although gram-negatives were resistant to all of the extracts. Additionally, the application
of β-acids to pork in a model marinade reduced the total aerobic count relative to a
control. Hop β-acids have also been shown to have potent miticidal effects on the Varroa
destructor, a major pest of honey bees.26

1.2.3 Volatile chemistry
1.2.3.1 Overview
The aromatic quality of hops comes from the volatile oils found in the hop lupulin,
which typically account for 0.5-3% of the mass of dried hops.3, 7, 27 Significant
chemodiversity exists within hop oil, which likely contains over 1000 individual
constituents, of which over 440 have been identified using high resolution separation
techniques.28 The major classifications of compounds within hop oil are as follows:
hydrocarbons (mono- and sesquiterpenes, aliphatic hydrocarbons), oxygenated
compounds (terpene and sesquiterpene alcohols, other oxygenated compounds) and sulfur
compounds (thioesters, sulfides, other sulfur compounds).29 There is considerable
variation in terms of volatile composition both within and between cultivars of hops, and
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the quality and quantity of hop oil is strongly influenced by both pre- and post-processing
factors (harvest maturity, location, kilning,) as well as storage.30-34 Notably, a relative
minority (by quality not quantity) of hop oil compounds are directly biosynthesized, most
arise as by-products of plant metabolism or oxidative reactions that continue through the
brewing process.30 The relationship between the volatile constituents of hops and hoppy
aroma in beer is still not fully understood, resulting from the complex biochemical,
physical, and chemical changes that take place during the production process. This is
further complicated by the inherent difficulty in drawing conclusions based upon the
relationship between sensory and chemical data. Therefore, the goal of the following
sections will be to provide an overview of some compounds that are quantitatively and/or
qualitatively important to hop or beer flavor and aroma, rather than an exhaustive review
of the backgrounds of hoppy flavor and aroma in beer.

1.2.3.2 Terpenes and Terpenoids
By mass, hydrocarbons make up the bulk of hop oil, and are mainly terpenes, which
are hydrocarbon compounds that are built on C5 isoprene units and can be cyclic or
acyclic. Terpenes are the oldest known biomolecules, and are also the most diverse, with
over 40,000 different reported structures.35 The most relevant groups to hop aroma are
the mono- and sesquiterpenes (C10 and C15 respectively). Combined, the monoterpene
myrcene, and sesquiterpenes α-humulene and β-caryophyllene can account for up to 80%
of hop oil; myrcene alone can account for 30-60% of hop essential oil.3, 30 Myrcene is a
strong contributor to the aroma of fresh hops and its aroma in hops and beer is described
as resinous, herbaceous, balsamic, and geranium-like.36 Although typically only found
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above its aroma threshold in dry-hopped beer, myrcene plays an important role in
generating aroma compounds such as α- and β-pinene, camphene, ρ-cymene, linalool,
nerol, geraniol, citral, and α-terpineol via autooxidation.30, 37 Limonene and the terpinenes
are examples of monocyclic terpene hydrocarbons. Limonene has a lemon-like citrusy
aroma and occurs in two isomeric forms; it is often used as a fragrance material in
household products, and the + isomer is found in citrus peels at over 90%.8 The pinenes
(α- and β-) are bicyclic terpene hydrocarbons that can also be found in hops. Recently,
Lafontaine et al.38 found β-pinene to be a better indicator of dry-hop aroma performance
than total essential oil for the hop variety Centennial.
The terpenoids are derivatives of the terpenes and contain terpene backbones with
variously modified functional groups. Within this group, the monoterpene oxides are
consistently identified as potent contributors to hop aroma in beer.3, 30, 39 Specifically, the
acyclic monoterpene alcohols linalool, geraniol, nerol, and β-citronellol (found in beer
but not hops), have low aroma thresholds in beer (10-500 µg/L) and impart floral,
geranium, and citrus aromas beer.30 Geraniol can be found in nearly all essential oils that
contain terpenes, and is often described in beer as floral, attributing specifically rose and
geranium character.36 Additionally, geraniol content of Cascade hops was recently found
to be a good predictor of dry-hop aroma performance.38 Nerol is the cis- isomer of
geraniol and is always found alongside geraniol, it has a floral rose-like odor that has
been described as “greener” than geraniol.8 Geranial and neral, also known as citral a and
b, respectively, are the corresponding aldehydes of geraniol and nerol. They are noted for
their citrusy, lemon aroma, and, as unsaturated aldehydes, they are highly reactive
towards cyclization and polymerization.8, 36 Linalool can be found in one of its
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enantiomeric forms in the essential oil of many botanicals. It has a floral and citrusy
aroma, although its enantiomers differ slightly, and is one of the most frequently used
fragrance substances; linalool can also isomerize to geraniol, nerol, and α-terpineol in the
presence of acids.8 In the context of hoppy aroma in beer, linalool is perhaps the most
widely agreed upon contributor among research groups, and is thought to play a key role
in the aroma perception of beer.3, 27, 30, 39-42
Many hop terpenoids can also exist in odorless, water-soluble forms, as bound
glycosides. Goldstein et al. identified a number of hop glycosides whose alcohol aglycons
included potent aroma compounds such as linalool, geraniol, α-terpineol, and proposed
that their liberation during kettle boiling may contribute to hoppy aroma in beer.43
Daenen et al. screened various brewing yeast strains for β-glucanase and β-glucosidase
activity toward potentially liberating hop volatile aglycons, and found a number of strains
with high activity.44 Researchers have subsequently shown that acid hydrolysis and
enzymatic activity of the glycoside fraction leads to the generation of a series of aromatic
volatile compounds.45 However, Sharp et al. reported no significant difference in terpene
alcohol concentrations between hopped wort treated with β-glucosidase and a control,
while Cibaka et al. reported only small increases during dry-hopping in free terpene
alcohol concentrations in a similar experiment.46-47

1.2.3.3 Sulfur compounds
As mentioned, sulfur compounds make up a very small proportion the volatile
fraction of hops; however, the relative scarcity of these compounds is compensated for by
their very low aroma thresholds, which are typically in the ng/L range.11, 27, 48 Depending
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on their makeup, sulfur compounds in beer may attribute undesirable odors that have
been described as cheesy, cooked-vegetable like, burnt, musty, onion/garlic, catty, and
rubbery.30-31, 39 Some, however, contribute positive characteristics in terms of hoppy beer
flavor, such as the thiols 4-mercapto-4-methylpentan-2-one (4MMP) and 3-mercaptohexan-1-ol (3MH), which are described as muscat and black-currant-like aromas in
beer.27, 48 The presence of these compounds is variety-specific; a recent study found
4MMP only in American, Australian, and New Zealand cultivars, noted their absence in
European varieties, and reported that content also differed between crop years.49
However, thiols can occur in bound, odorless form, as cysteine conjugates, which can be
freed by yeast enzymatic activity to yield potent free thiol odorants.39 Additionally, beer
aging and bottle re-fermentation have been shown to play a role in the liberation of free
thiol from cysteine conjugates.50-51 A recent study showed that bound thiol precursor was
higher in earlier harvested hops relative to free thiol, and it has been proposed that thiol
aroma may be best utilized by adding hops high in thiol precursor early in the brewing
process, and free thiol later.31, 39 Until recently, research on hop thiols and precursors was
limited by the complexity of their analysis, and is an area of significant active research.

1.3 Hop additions and utilization

As mentioned, there are many ways in which modern brewers add hops to beer, from

both a temporal and technological perspective. The first distinction can be made between
hot- (chronologically: mash hopping, first-wort hopping, kettle hopping, late hopping)
and cold-side additions (dry-hopping) which take place either in the brewhouse in the
context of wort production, or in the cellar once beer has been cooled and is
fermenting/maturing, respectively.
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1.3.1 Pre-boil hop additions
Given that the utilization of α-acids largely depends on time of exposure, it stands to
reason that brewers would experiment with adding hops as early as possible in the
brewing process. Additionally, pre-boil hopping techniques expose the hop acids to a less
acidic solution, which is favorable in terms of their solubility. The earliest conceivable
addition of hops is mash hopping, whereby hops are added to the mash tun during the
extraction of carbohydrates from the grain. Early trials showed high bitterness losses
from mash hopping, which was confirmed by Wietstock et al., who found low bittering
yields during mash hopping with both hop pellets and extracts on both a lab and pilot
(120 L) scale.52-53 After mashing in, the next opportunity for hop addition is to the first
runnings of the wort, before the brew kettle is full, and is referred to as first-wort-hopping
(FWH). Wietstock et al. also looked into FWH additions, and found similar albeit slightly
lower utilization from the technique, in addition to poor oxidative stability of the resultant
beer compared to a control. In an experiment focused exclusively on the impact of FWH
on beers produced at two different breweries, Preis and Mitter found that beer produced
with FWH were slightly higher in iso-α-acids, and lower in the hop-derived volatiles
linalool, terpineol, geraniol, and humulene epoxide than a control.52 Sensory
discrimination testing was also carried out and resulted in high (>99%) confidence of a
difference between FWH and control beers at both breweries. Panelists who were able to
discriminate preferred the FWH beers, and described them beers as having a, “fine,
unobtrusive hop aroma, more uniform bitterness, [and more] harmonic.” It should be
noted that these sensory results are limited by small panel size (<13 people) and a lack of
information regarding sensory methodology.
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1.3.2 Kettle and late hop additions
Kettle hopping generally refers to additions of hop material or hop products during
wort boiling, which can take place at any point during the typically 60-90 minute boil. In
general, the primary goal of adding hops early in the boil is to extract bitterness, whereas
later additions are geared towards the extraction of volatile aroma compounds (while
avoiding excessive bitterness utilization); this dichotomy is based on the fact that hop
acid utilization requires time and temperature, whereas hop aroma contribution generally
decreases with increasing time and temperature of exposure. Hops can also be added
downstream of the kettle but before wort is cooled; one common example of this is
adding hops to the whirlpool separator, a vessel which is used to separate wort from solid
particulate formed during wort boiling (also known as hot break or trub).

1.3.3 Wort boiling – hop acid utilization
During the boiling stage of brewing, hops are added to the hot wort and each
humulone analog undergoes a heat-catalyzed isomerization to their respective cis- and
trans-iso-humulone epimers whose stereochemical designation derives from the relative
configuration of the prenyl side chain on carbon five, and the tertiary alcohol moiety on
carbon four, giving rise to six major iso-α-acids.12 Non-isomerized α-acids exhibit
sparing solubility in wort, which has been reported at 40 mg/L and 60 mg/L in pH 5 wort
at 25 and 100 degrees Celsius, respectively.7 The iso-α-acids are intensely bitter
(threshold in water of about 6 mg/L), more soluble in beer, and can be found in the range
of 15-80 mg/L in finished beer (compared to a few mg/L for α-acids), depending on the
recipe and hopping regime.7 The β-acids lack the ability to isomerize, and are rather
insoluble in the beer matrix, with a solubility of 1.2 and 9 mg/L at 25 and 100 degrees
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Celsius respectively; as such, the level of β-acids found in beer is typically in the parts
per billion range.7
Utilization of α-acids during wort-boiling is a common calculation that goes into
designing a beer recipe, and describes the quantity of iso-α-acids in the final beer or wort
relative to the quantity of α-acids added via the hops. In a typical kettle addition, only
about half of the hop α-acids go into solution and further losses during fermentation and
downstream limit the maximum utilization to about 40%, although it can be as low as
10%.12 The utilization rate also depends on the hop product being used, with pellets and
extracts generally exhibiting higher utilization than whole cones.15 Kettle design and
method of separation of the hot break or trub after wort boiling also has a strong impact
on utilization, given the tendency of iso-α-acids to partition into the trub.54-56
Additionally, Jaskula et al. observed better isomerization yields from a combination of
non-isomerized hop extract and spent kettle hop material (0.30 %w/w α-acids) than the
extract alone on a pilot scale, which suggests that vegetative hop material may be
beneficial for utilization.55 Higher utilization has also been reported in weaker worts, with
low hopping levels, and with increasing pH.12, 57 However, the fermentable sugars
maltose and glucose do not appear to be responsible for the inverse correlation between
wort strength and utilization, as they were not found to have an effect on the rate of
production of iso-α-acids by Malowicki and Shellhammer.58 Studies on the kinetics of αacid isomerization have confirmed that the reaction is first order, and shown that the free
energy of activation is fairly similar between co-, n-, and ad-humulone.58-59 In spite of
this, it is typical that the final utilization rate of cohumulone is higher than the other αacids.55, 57
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Pre-isomerized hops and hop extracts can be prepared outside the brewery, where
isomerization yield is maximized under controlled alkaline conditions in combination
with catalysts such as magnesium salts.4 These products allow brewers to more
efficiently utilize hop bitterness, and also to adjust the bitterness of their finished product;
the addition of isomerized hop extracts to finished beer can achieve a utilization of
~85%.12 Research groups have also looked into how the timing and quantity of addition
of iso-α-acids affects utilization. Howard et al. found that the addition of iso-α-acid to
wort pre-boil resulted in low apparent utilization (28-43%) and that utilization was
inversely proportional to addition rate.56 The same study found that the addition of iso-αacids before fermentation also resulted in relatively low utilization rates (35-55%) which
were notably higher than pre-boil, but also showed diminishing returns. An investigation
of the heat lability of iso-α-acids by Kappler et al. found high losses attributable to low
pH, high wort strength, and high water hardness.60 Laws et al. later confirmed that bitter
compounds lost during fermentation can be found intact on yeast biomass.61

1.3.4 Dry-hop additions
Dry-hopping, which refers to the addition of hops to fermented or partially fermented
wort, has become a key tool for American craft brewers in the production of hop-forward
beers, with the output of dry-hopped beer already exceeding 1 million hectoliters per year
at some breweries.4 In a stagnating beer market, brewers need to produce novel products
in order to attract consumer attention; this need for differentiation is likely a driver for the
adoption and revival of dry-hopping among American craft brewers in the last two
decades.62 The primary goal of dry-hopping is to impart beers with intense hoppy aroma,
derived from volatile hop oil constituents that are typically lost due to the high
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temperature of kettle additions.63 Dry-hopping is not a standardized practice, but takes
many forms; additions can be carried out directly, in bags, or using other technologies,
and vary in temperature, contact time, dosage, and particle size of the hop product used,
among many other parameters. From a chemical standpoint, dry-hopping can be thought
of as a cold extraction into an ethanolic aqueous solution, and is rather inefficient given
the partition behavior of the mainly terpenoid compounds that are the target of the
extraction. As such, craft brewers add dry-hops at considerably higher rates than kettle
hops, and additions in the range of 2kg/hL (5 pounds per US Barrel (BBL)) are not
uncommon. Aside from the potentially inefficient extraction of aroma compounds, the
bitterness precursors found in the hop material are only sparingly soluble in the beer
matrix (40 mg/L in wort at pH 5), being commonly found in dry-hopped beer in the range
of a few mg/L.7, 64-66 From the non-volatile perspective, beers’ pH, residual extract,
bitterness unit (BU), α-acid, humulinone, and polyphenolic content have been shown to
increase with dry-hopping rate, while iso-α-acid content often decreases.65-69 Research
relating to aroma utilization during dry-hopping will be discussed in the following
section.

1.3.5 Hop aroma utilization
Put simply, measuring hop aroma utilization is challenging. This is due to the
difficulty involved in correlating individual or combinations of aroma compounds with
aroma impressions in beer, which are dependent on both the individuals providing
sensory data, and variations in the beer matrix itself. These difficulties are multiplied by
synergistic and masking effects of different combinations of volatiles, and by the very
low aroma thresholds of many of these compounds in beer.30 Therefore, the goal of this
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section is to provide an overview of the intrinsic and extrinsic factors which control hoparoma extraction during beer production, as well as the state of research on aroma
utilization in beer, in terms of both chemistry and organoleptic outcomes. This will focus
largely on terpenes and terpenoids, as these are the compounds of interest of the majority
of aroma utilization studies.
In general, the transfer of hop volatiles to beer or wort is determined by intrinsic
factors related to the structures of these compounds. Due to their small size and non-polar
structures, terpenes and terpenoids are often thought of as insoluble in aqueous solutions.
Weidenhamer investigated the solubility of select terpenes as part of an early study into
allelopathy and found that the solubility of the monoterpenes was extremely variable
(<10 to 6990 ppm); however, as one might expect, the hydrocarbon monoterpenes
exhibited the lowest solubilities (<35ppm) while the introduction of hydrophilic oxygen
containing moieties such as alcohols, aldehydes, ketones, and ethers, resulted in
solubilities 10-100 times higher.70
Aside from solubility, the transfer of hop volatiles can also be described by their
octanol-water partition coefficients. These partition coefficients describe the relative
tendency of a given compound to partition into an organic (octanol) or aqueous phase and
are widely used in environmental chemistry to trace the fate of organic pollutants.71 They
are also used to assess the distribution of substances in biological systems72 and have
applications in toxicology and drug design.73 The log of the octanol-water partition
coefficient (log(Kow)) is the most commonly reported value, and higher and lower values
for log(Kow) designate hydrophobic or hydrophilic character respectively. Octanol-water
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partition coefficients are highly correlated to aqueous solubility (Table 1.1), and also help
explain transfer rates in beer.
Table 1.1. Log(Kow) and aqueous solubility of selected hop aroma compounds
Log(Kow)1
Aqueous solubility2
Compound
(log(mol/mol) 25ºC)
(ppm, 25ºC)
linalool
3.4-3.5
geraniol
3.5-3.6
geranyl acetate
4.0
β-pinene
4.2-4.4
limonene
4.4-4.5
β-myrcene
4.3-4.9
α-humulene
7.0
1
Partition coefficient data from the literature73-75
2
Solubility data from the literature 70, 72, 76

1542
404-877
18
13-32
12-13
<10
N/A

Recent work by Haslbeck et al. introduced the Kow as a model for the transfer of hop
volatiles into beer during dry-hopping, and found good correlation between these values
and the transfer rates of a range of hop derived C8 and C11-esters, monoterpenes, and
sesquiterpenes.77 Due to differences in reported Kow and solubility data depending on
method, selected data were reported or calculated from a variety of sources.70, 72-76
While the intrinsic properties of individual aroma compounds determine which are
more likely to be transferred into beer, the absolute and relative quantities of volatiles
transferred are highly dependent on production parameters. When hops are added to hot
wort, most hop aroma compounds are lost due to their volatile nature. Indeed, Kishimoto
showed that over the course of a 70-minute boil, linalool, geraniol, myrcene, humulene,
caryophyllene, farnesene, and other aroma compounds were nearly completely removed
from hot wort.74 Additionally, large quantities of hop aroma compounds are lost
downstream to filtration and adsorption onto yeast biomass.3-4 Further, yeast have the
ability to biotransform these volatiles, which adds an additional layer of complexity.45 In
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spite of this, many oil compounds have been found in finished beer.3, 48 Recently, Praet et
al. found that oxygenated derivatives of the hop sesquiterpenoids humulene and
caryophyllene likely play a key role in kettle hop aroma, which is often described as
“spicy,” “floral,” and “noble.”39, 78
The deleterious effect of kettle boiling on hop aroma is often compensated by dryhopping, which allows brewers to expose finished beer to hop material at lower
temperatures, and therefore impart hoppy flavor and aroma that is reminiscent of the raw
hop material. During dry-hopping, a vast number of process factors play a role in
determining the final aroma of the beer. Two easy factors to control, temperature during
dry-hopping, and alcohol content of the beer, have both been reported to lead to higher
transfer rates of hop volatiles into beer.77 Hop aroma intensity in beer has been observed
to increase with dry-hopping rate, with diminishing returns above 800 g/hL, by
Lafontaine and Shellhammer.66 Increases in various hop derived terpene alcohols, esters,
aldehydes, and mono- and sesquiterpene hydrocarbons, which tended to have lower
extraction rates on a mass-to-mass basis as hop dosage was increased, were also
observed. Additionally, the form of hop material plays a role, and concentrated hop
pellets (Type 45 and Type 35) contain a higher proportion of lupulin relative to
vegetative material than whole-cone hops. Milling prior to pelletizing results in a smaller
average particle size, and the rupture of lupulin glands, and better extraction of hop
volatiles during dry-hopping with hop pellets as compared to whole cone hops has been
reported in the literature.79-80 Different aroma qualities are attributed by different hop
varieties, and hop harvest maturity and post-processing also impact dry-hopping
performance.31-33 Dry-hopping with multiple varieties has been shown to increase hop
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aroma intensity and the extraction of hop volatiles, and hop blending has been proposed
as a valuable technique during dry-hopping.81
Yeast strains used in brewing have a well-documented ability to bio-transform hopderived aroma compounds (one example being β-glucosidase activity), which can lead to
higher proportions of high-impact odorants, although the impact of terpenol aglycons in
particular on hop aroma is likely minimal.44-47, 67 Further, addition method (direct, via
ancillary vessels, or in bags), the use of mechanical agitation, and the scale of the dryhopping system, can all play a role in the transfer rates of hop aroma compounds, and the
aroma quality and intensity of dry-hopped beer.64, 80, 82 It is unproductive to discuss exact
transfer rates of individual aroma compounds, as these are highly dependent on the
specifics of the aforementioned parameters within a dry-hopping system; for instance,
reported transfer rates for linalool and geraniol in the literature range from ~20-110%,
and ~50-240% respectively, relative to their initial dosage.66-67, 83-84 Many of the other
terpene-based hop oil compounds have very low reported extraction rates (<5%) in beer
due to their non-polar character.66-67 It should also be noted that volatiles involved in hop
aroma perception may be stripped by gases such as CO2, or scalped by yeast during dryhopping or plastics in the liner of beer bottle crown caps.85-86

1.4 Sustainability challenges in beer production
1.4.1 Defining sustainability & life-cycle assessment
Prior to diving into the sustainability implications of beer production, it is necessary
to explore the conceptual framework of sustainability and sustainable development.
Sustainable development first entered common parlance after being defined by the
Brundtland Commission to mean, “development that meets the needs of the present
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without compromising the ability of future generations to meet their own needs.”87
Sustainability is often thought of solely in context of the environment, but is recognized
to encompass the integration of economic development, social development, and
environmental protection, which are referred to as the three pillars of sustainability, or the
triple-bottom-line.
One of the most comprehensive methods for assessing the environmental
sustainability of a product or process is life cycle assessment (LCA). LCA is usually a
“cradle-to-grave” approach, meaning that it takes into account all inputs and outputs of
production starting with the extraction of the raw materials, until the point where they
return to the earth. In general, LCA involves compiling an inventory of relevant energy
and material inputs and environmental releases, evaluating the potential environmental
impacts associated with these inputs and releases, and interpreting the results in order to
help guide informed decisions on potential changes to the product, process, or service.88
In this way, LCA provides decision makers with a powerful tool for estimating the
relative impacts of different stages of a product’s lifecycle, in addition to areas where
sustainability can be improved by making changes to suppliers and designs, among other
considerations.
Many dedicated software packages exist for carrying out LCA, in addition to a wide
range of impact assessment databases and associated indicators, which allow for the
conversion of inputs and releases to impacts. One example of such an indicator is the
Eco-indicator 99, which breaks the environmental load of a product or process into three
main categories: human health (climate change, ozone layer depletion, carcinogenic
effects, respiratory effects, and ionizing radiation), ecosystem quality (ecotoxicity,
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acidification, eutrophication, and land use), and resources (surplus energy needed in the
future to extract lower quality mineral and fossil resources).89 The development of catchall indicators such as the Eco-Indicator 99 relies on complex damage models for each
impact category, in addition to the normalization or weighting of these categories in order
to bundle them into one final rating. Due to the intricate nature of most product systems,
and the need to make assumptions in order to bridge gaps in data availability, there is an
inherent degree of uncertainty in the conclusions of LCA studies, which is typically
assessed by a sensitivity analysis.88

1.4.2 Research on the environmental impact of beer production
Compared to wine and spirits on a volume to volume basis, the carbon footprint of
beer is substantially smaller, although on the basis of alcohol as a functional unit, spirits
win out and wine performs nearly as well as beer.90 Caution must be taken, however,
before declaring beer as the most sustainable of the three beverages, given that carbon
footprint alone is not an exhaustive measure of environmental damage. The brewing
industry in general is a large consumer of both water and energy, and also generates
significant quantities of solid and liquid waste. One recent publication estimated inbrewery consumption of 8-12kWH electricity, 5 hL water , and 150 MJ of fuel energy per
hectoliter of beer produced, in addition to the generation of ~13.6 kg of spent grains per
hL of wort (wet basis, 35.3 lb/bbl), and 1.7-4.3 kg spent yeast per hL of beer (4.4-11
lb/bbl).91 These data point to a number of areas for potential improvement within brewing
operations, although other life-cycle stages of beer production often have an even greater
impact on sustainability.
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According to the Oregon Consumption Based Greenhouse Gas Emissions Inventory,
the upstream emissions of beer consumption (including imports) in Oregon are equal to
202,700 metric tons of carbon dioxide equivalents annually, which is roughly equivalent
to running 42,800 average passenger vehicles for a year.92 A great overview of the
relative impacts of various upstream inputs on the overall environmental footprint of beer
production can be found in a report commissioned by the State of Oregon Department of
Environmental Quality, which reviewed 15 LCA studies dating back to 2005 in the US as
well as various European and Asian countries.92 The literature covered mainly focused on
barley-based beers, and on the carbon footprint of beer, although several branch out into
other environmental impacts such as eutrophication. On average, they found that
packaging (40%) and raw material production (22%, primarily barley) had the greatest
relative carbon footprint. Retail and home refrigeration (18%) was also a major
contributor, with brewing operations (9%), distribution (7%), and waste management
(4%) making lesser contributions. Although the impact of hops was found to be very
small in this review, the quantity of hops required for brewing hop-forward American
ales is considerably greater than the beers evaluated in the studies for this review. For
instance, one of the primary references was a study on the LCA of New Belgium's Fat
Tire Amber Ale, which found that only 0.2% of the total carbon footprint came from the
hops.93 However, this brand only uses 2.3 g of hops per six-pack of beer, which translates
to roughly 1.08 g/L (0.3lb/bbl). By comparison, it is not uncommon for American craft
brewers to use up to and exceeding 20g/L (~5lb/bbl) for dry-hopping alone.
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1.4.2.1 Beer packaging
As mentioned, packaging is often the largest contributor to the environmental impact
of beer. An LCA study on a popular Greek beer brand, which excluded the upstream
impacts of barley and malting, found that bottle production represented more than half of
the impact of production in six of eight impact categories considered, relative to
transportation/storage/distribution, packaging, beer production, and raw material
acquisition.94 A report produced by the Beverage Industry Environmental Roundtable
took a deeper look at the carbon footprint impacts of different packaging formats in
Europe and North America, which were represented as 330mL returnable glass bottles
distributed in a plastic (HDPE) crate, and 355mL aluminum cans, distributed in
fiberboard, respectively.95 In the European format, they found that returnable bottles
(assuming they could be re-used 30 times) had 11 times less CO2 equivalent emissions
than non-returnable bottles, representing 13 or 65% of the overall carbon footprint of the
beer, respectively. In the North American format, switching from aluminum to steel cans
represented a more than 4x reduction in carbon footprint, from 41 to 15% of the overall
beer lifecycle.

1.4.2.2 Valorization of brewing waste products
Brewers’ spent grain (BSG) has received the most attention in terms of waste
valorization within the brewing industry due to the large environmental impact of malted
barley production, and its potential for re-use. BSG is available in large quantities year
round; Brazil, the world’s fourth largest producer of beer, generated 1.7 million tons of
BSG in 2002, and a recent report estimated 76,000 tons of BSG are generated annually
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by Molson Coors alone.96-97 Given its high content of protein and cellulosic material,
BSG may provide a valuable supplement for human nutrition, or a feedstock for the
production of added-value bioproducts (vitamins, amino acids, etc.), polymers and
resins.96 Indeed, from the human nutrition perspective, BSG has already found its way
into upcycled bread flour, and health beverages. The potential re-use of spent hops has
garnered far less attention, likely due to the fact that most traditional beer styles call for
sparing quantities of hops compared to barley, leading to less availability and smaller
environmental impacts relative to barley.6, 93 Hop-forward beer styles such as India Pale
Ale (IPA), the production of which within the American craft beer market has increased
nearly tenfold over the past decade, call for considerably more hop material.6 The
majority of these hops find their way into beer as dry-hops, which, as mentioned, are
inefficiently utilized in terms of both bitterness precursors and aroma compounds.66, 69, 98
Residual hop bitter acids and volatile aroma compounds found in spent dry-hops can
likely be re-used in the brewing process, or in other industries. For example, essential oil
from spent (likely kettle) hop material has been shown to be an effective repellent of
insect food spoilers, while hop bitter acids have been investigated as potential
antimicrobials for food preservation, and have potent miticidal effects on a major pest of
honeybees.24-26 Consumer research has shown that for low risk products, consumers are
often willing to pay more for those that contain recycled materials,49 and that beer
drinkers are willing to pay more for more for sustainably brewed beer.99 Therefore, the
recycling of spent dry-hops for either bittering-, late-, or dry-hops additions could provide
an opportunity for brewers to simultaneously improve the economic/environmental
sustainability of production and differentiate themselves by offering a novel product. This
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is especially relevant given estimates of emissions related to hop production, which are
discussed at length in the following sections.

1.4.3 An overview of carbon emissions related to hops production
The following sections aims to provide an overview of some of the main upstream
impacts of commercial hop production from the point of view of carbon equivalent
emissions (CO2e). Values for emissions from selected contributors to the environmental
impact of hops production are recalculated using literature resources, directed by the
approach of The Climate Conservancy (TCC) report on the carbon footprint of New
Belgium’s Fat Tire Amber Ale, and a report on the carbon footprint of beer by the
Beverage Industry Environmental Roundtable (BIER), using yield per land use data from
the 2017 harvest.5, 93, 95 The resulting emissions estimates are presented along with
estimates from industry data obtained from Craft Brew Alliance (CBA) on various inputs
into hop production from two of their hop producers in Oregon and Washington (note
that these inputs are per unit mass of pelletized products, while the literature data focuses
on whole-cone hops). Estimates are made for general production in the American Pacific
Northwest (PNW), where the vast majority of American hops were grown in 2017
(~99%), and focus on the states of Washington and Oregon, due to data availability. The
main emissions sources covered (due to the availability of data) are agricultural
machinery, irrigation, fertilizer, soil, pesticides, and kilning. The limitations of this
overview and a comparison of the results to existing data on the impact of hops
production, in addition to barley production, are also discussed.
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1.4.3.1 Agricultural machinery
Mechanization is present in hop farming as in other agricultural sectors in order to
reduce the labor requirement of production. Farmers rely on tractors throughout the hops
growth cycle for planting, pesticide spraying, bine cutting, harvesting, and other tasks.
These machines are reliant on liquid fuels such as diesel and gasoline, which have
associated carbon emissions. In a comprehensive report on the carbon emissions related
to the production of New Belgium Brewing’s Fat Tire Amber Ale, the Climate
Conservancy (TCC) calculated emissions (including extraction, refining, and transport)
values related to diesel #2 and gasoline usage based on data from West and Marland, and
reported values of 11.78 and 10.23 kg CO2e per gallon, respectively.93, 100 The report then
uses data on the cost, and materials required for various aspects of hop production from
Hinman, which indicates that in the Yakima Valley these fuels are used at a rate of 22.7
and 14.4 gallons per acre (from loaders, cutters, trucks, and tractorized equipment for
spraying, spreading, and pruning), respectively, and allocates emissions based on 2006
harvest yield per acre data, resulting in 470g CO2e per kg of hops. Recalculating this
figure for the 2017 yield per acre this translates to 467g CO e per kg of hops. Data was
2

also obtained from Craft Brew Alliance (CBA) on fuel emissions from farms in Oregon
and Washington, which resulted in 527g and 1986 g CO2e per kg of hops, respectively. It
should be noted that industry data did not take into account upstream impacts of fuel
production, only the combustion of diesel, gasoline, and propane, using their respective
EPA emission conversion factors. In addition, none of these estimates account for the
upstream emissions associated with the manufacture of the agricultural machinery.
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1.4.3.2 Irrigation and fertilizer requirements
The Yakima Valley, where most of Washington hop production, and therefore most
of American hop production takes place, receives very little rainfall, and therefore crops
must be irrigated.101 Irrigation of hops in Washington typically begins in late May or
early June depending on weather patterns, constitutes 30 inches (762 mm) of water
during a normal growing season, and is mostly in the form of drip or trickle irrigation.102
Based on the work done by TCC, emissions data related to the yearly installation of
irrigation systems were collected from Lal, and data related to emissions from irrigation
itself were gathered from the Irrigation Training and Research Center.103-104 The
estimates for installation and operation of drip irrigation were 311 and 792 kg CO2e per
hectare per year, which translates to a total of 503 g CO2e per kg hops given the average
yield in 2017. Irrigation-specific data was not supplied by CBA hop providers in Oregon
and Washington; therefore, the calculated values for the 2017 harvest were additionally
allocated to these operations.
Hop producers must make decisions regarding fertilization rates based on yield and
quality response, economic, and environmental considerations. Averages for fertilizer
application rates and types of fertilizer for hops are difficult to come by, given the
variation in nutrient demand based on soil quality from field to field, as well as variation
from farm to farm. To our knowledge, the most up to date recommendations for fertilizer
application rates for hops grown in the Pacific Northwest can be found in an Oregon
State University Extension fertilizer guide for hops.105
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Table 1.2 Fertilizer application and emissions data for hops production

Type

Recommended
application rate
(kg/hectare)

Assumed application
rate
(kg/(year*hectare)

Emission
coefficient
(kg CO2e/kg)

Nitrogen

112-168

140

4.8 ± 1.1

Phosphorus

0-112

45

0.7 ± 0.2

Potassium

0-179

135

0.6 ± 0.2

Limea

0-4480+

896

0.6 ± 0.4

a

Lime application rates displayed are over a five year period
Recommended application rates, assumed rates, and emissions data from the literature93,

103, 105

As with irrigation-related emissions, assumptions regarding fertilizer application rates
and associated emissions were adapted from the literature (Table 1.2). It is worth noting
that other potential nutrient demands (calcium, manganese, zinc, sulfur, and boron) were
not included in this analysis, given their relatively low application rates, and that they are
less likely to be needed than those listed in Table 1.2. Fertilizer emissions, which include
all upstream emissions related to production, packaging, storage, and distribution,
resulted in 1300 kg CO2e per hectare, or 592 g CO e per kg hops, given 2017 yield data.
2

Emissions related to fertilizer application from CBA partners were calculated using the
weighted average of the fertilizer application rates in Table 1.2 to calculate mean carbon
emissions per kg of total fertilizer. This resulted in 1201 and 250 g CO2e per kg of hops
for the farms in Oregon and Washington, respectively. These values do not include
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emissions related to the application of these fertilizers, which were accounted for in the
previous section, and reflect the range of application rates by farm.

1.4.3.3 Soil emissions
Nitrous oxide (N2O) is considered to be the dominant ozone depleting substance
emitted in the 21st century, and has a 100-year global warming potential that is 298 times
that of carbon dioxide, according to the EPA Emission Factors for Greenhouse Gas
Inventories.106 It is estimated that roughly 70% of global N2O emissions arise from
microbial nitrification and denitrification of natural and managed soils.107 Therefore, the
global warming potential of direct and indirect N2O emissions resulting from fertilizer
application was considered in this overview. In the work done by TCC, estimates on
these emissions were gathered from the Intergovernmental Panel on Climate Change
(IPCC) Guidelines for National Greenhouse Gas Inventories, and accounted for ~1% and
~0.1% for direct and indirect emissions, respectively.108 At the assumed application rate
for hops, the carbon equivalent emissions from soil amount to 209 g per kg of hops.
Assuming the ratios of fertilizers added to hop fields in the data from CBA’s hop
providers are the same as in the literature, soil emissions account for 404 and 84 g CO2e
per kg of hops on the Oregon and Washington farms, respectively.

1.4.3.4 Pesticide use in hops production
The use of pesticides for the protection of hop crops in the Pacific Northwest is
widespread; in 2010, growers in Washington and Oregon reported an average of up to 2.1
applications of pesticides and miticides, in addition to up to 7.7 applications of fungicides
targeting mildew.109 The production of pesticides is highly carbon intensive, and in

32

countries with emerging economies, misuse is a major environmental hazard and source
of pollution.103
The Integrated Pest Management Center provides a detailed crop profile for hop
cultivation in Washington, including the weeds, insects, and diseases most commonly
associated with the production of hops.102 The most impactful insect pests of hops are
spider mites and hop aphids, with an estimated 100% of commercial hop acreage treated
with insecticides targeting these pests. As far as disease, a significant proportion of
commercial hop acreage is treated with fungicides targeting downy and powdery mildew.
Weeds were historically removed by cultivation, although the switch to a majority of drip
irrigation from rill/furrow irrigation in commercial production necessitates different plant
spacing, which exacerbates weed problems, and has led to the widespread use of
herbicides.
Pests, chemical treatments, and application data were tabulated (Table 1.3) based on
the available data; including only pesticides which were estimated to be used on a
significant proportion (>10%) of the Washington hop crop.102 Treatments were converted
to active ingredient per acre using relevant information from EPA material safety data
sheets. Due to the paucity of information regarding what proportion of hop acreage each
individual treatment is used on, overall averages in terms of application rates within pest
groups were calculated, and were scaled using 2010 data on the number of annual
applications in Oregon and Washington.109 As no information was available on the
number of herbicide applications per year, one application was assumed. This resulted in
an estimated 3 and 6 grams pesticide per kg of hops in Washington and Oregon
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respectively compared to data from partners of CBA in the same states who reported 9
and 68 grams per kg, respectively.
Table 1.3 Pesticides applied to hops and assumed application rates
Pest

Treatment

Mites/insects

Miticides/insecticides

Spider Mite

Hop Aphid

Diseases
Downy Mildew

Application rate (g active
ingredient/application*hectare)

Hexythiazox

175

Abamectin

98

Propargite

2102

Imidacloprid

140

Bifenthrin

91

Diazinon

1121

Fungicides
Mefenozam

280

Fosetyl-al

2242

Powdery Mildew

Trifloxystrobin

91

Weeds

Herbicides

Grass and broadleaf
weeds

Paraquat

701

Endothall

841

Norflurazon

3363

These values were then converted to carbon emissions and CO2 equivalents based on
data from Lal, which takes into account the processes for producing, transporting, storing,
and transfering these chemicals.103 This resulted in an estimate of 53 and 104 g CO2e per
kg of hops in Washington and Oregon, respectively, due to a much higher number of
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applications related to downy mildew in Oregon than Washington. For the industry data,
pesticide application was scaled by a weighted average of emission factors based upon
calculated estimates of pesticide applications in Washington and Oregon, and resulted in
174 and 1113 g CO2e per kg hops. The wide range in these estimates reflects the
difficulty in finding a representative pesticide application without using a specific hop
production operation, or field. This is due to the fact that pesticide spraying is often a
response to disease or pest outbreaks, and brewers also have varying demands on what
pesticides can or cannot be used on their contracted hops.

1.4.3.5 Kilning
As hop production is seasonal while demand for hops in brewing is year round, there
is a necessity to preserve hops post-harvest. At harvest, hops are typically between 7080% moisture, and are dried in box kilns to 8% moisture; this post-harvest processing is
the most energy intensive step in hops production, and was estimated to have consumed
the energy equivalent of 111 million liters of #2 fuel oil in the 1980 harvest year.110 If
overall hop yield in the United States proportionally increases with that of Washington
State, and kiln fuel use is proportional to hop production, then the 2017 hop harvest
required the equivalent of ~156 million liters of #2 fuel oil.5, 111 To put this in context,
assuming all of the energy was actually generated via the combustion of #2 fuel oil,
kilning of the 2017 harvest would have resulted in the generation of roughly 420,000
metric tons of carbon dioxide, which is the emissions equivalent of driving an average
passenger vehicle more than 1 billion miles, based on EPA emissions factors and
emissions estimates.
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Conventional American hop kilns are typically a meter deep, and vary greatly in
design and automation depending on the facility. Conventional knowledge from
anecdotal sources suggests that kilning at under 130 degrees Fahrenheit produces hops
with optimal brewing properties (although this assumption is not based in extensive
scientific data) which results in roughly 8 hours of drying time. Using data from Stone,
on a conventional kiln at Crosby Hop Farm, it is possible to estimate fuel consumption
per pound of dried hop cones.110 Given a kiln bed volume of 82.256 m3, a hop bulk
density of 90.5 kg/m3, and 662L of #2 fuel oil equivalents consumed, assuming the hops
enter the kiln at 80% moisture and exit at 8% moisture, the fuel requirement comes out to
0.412 L/kg. Converting #2 fuel oil to standard cubic feet (SCF) of natural gas based on
EPA heating values gives 14.6 SCF/kg. By comparison, Galitano and Tozer estimate that
the 2015 cost per acre of fuel for drying hops in the Pacific Northwest was $250 with a
yield of 2000 lb/acre.112 Assuming the cost of fuel is fully allocated to natural gas, as in
the TCC report, and using data on the average price of natural gas from the U.S. Energy
Information Administration for 2015 in Washington during hop harvest (AugustSeptember) results in 29.6 SCF/kg. According to West and Marland, the carbon
emissions related to the production and combustion of natural gas equate to 14.54 kg C
per GJ energy generated, which translates to 842 or 1708 g CO2e per kg of hops in these
two cases (using EPA data for heating value of natural gas).100 Data from CBA’s hop
producers on emissions related to kilning was not specifically reported, and so for all
cases the latter estimate was allocated for kilning. These data support the fact that kilning
tends to be the most energy intensive stage of hop production, and point to the need for
more in-depth research relating to the impact of kiln parameters to hop quality, towards
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more efficient energy use during this process. After kilning, whole cone hops are
typically moved to a cooling floor, where the hop material passively cools for ~24 hours,
which does not require any additional energy inputs. Hops are then baled and/or
pelletized, processes which require energy inputs which are not included here due to a
lack of available data.

1.4.3.6 Discussion and conclusions
Data were aggregated into four groups, representing estimates of emissions from
farms in Oregon and Washington state, from both literature and industry data, for means
of comparison (Table 1.4). Irrigation and kilning data were not reported for the CBA
data, so literature estimates of emissions were allocated for these activities. The results
showed a wide range of impacts by category, although kilning and agricultural machinery
tended to make up a larger proportion of the carbon footprint relative to pesticides and
fertilizer.
Table 1.4 Carbon emissions related to hops production (g CO2e per kg of hops)
Data source
Literature
Industry
% of
Farm location
Oregon Washington Oregon Washington total
Agricultural machinery
470
527
1986
10-42
Irrigation
503
n/a
9-14
Fertilizer
592
1201
250
5-22
Soil emissions
209
404
84
2-7
Pesticides
104
53
1113
174
1-20
Kilning
1708
n/a
31-48
Totala
3586
3535
5456
4705
a
irrigation and kilning estimates were allocated from literature values
Overall estimates of emissions equivalents ranged from ~3.5 to 5.5 kg CO2e/kg hops,
which are slightly higher than the reported estimate from TCC from the 2006 harvest,
which amounted to 2.3 kg CO2e/kg hops. The overall estimates for the industry data
tended to be higher than those calculated from the literature, which may be related to the
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fact that the CBA reported data is on pelletized hops, which require additional
processing. The range of estimates however, captures those calculated by The Institute
for Environmental Research and Education (IERE) on hop production at Roy Farms Inc
(Moxee, WA), which were 4.6 and 5.1 kg CO2e/kg for whole cone and pelletized hops,
respectively.113 According to Roy Farms’ sustainability report (Vol 1), these data come
from a full LCA study including all materials and processes related to planting, growing,
and harvesting hops, through processing and packaging. Unfortunately, detailed
information regarding assumptions, inputs, and system boundaries for this LCA study are
not available, only the final results.
In all cases estimates were substantially higher than literature values for the
production of malt on a kg/kg basis, which were reported by TCC as 0.91 kg CO2e/kg.
Estimates from the Beverage Industry Environmental Roundtable used for modeling the
carbon footprint of beer production on carbon emissions related to barley ranged from
0.53-0.79 kg CO2e/kg malt. In order to assess whether hops should be considered as
contributors to the environmental impact of beer, take the case study of an imperial IPA
produced by a local brewery, which uses 380g of malt and is hopped with ~24 grams of
hop pellets per L of finished beer, (kettle and dry-hopping combined, some kettle
addition is extract). Using the BIER baseline estimate for CO2e emissions from barley
production in the US (0.66 g CO2e/g), and the estimate for the production of hop pellets
from IERE (5.1 g CO2e/g), these raw materials contribute carbon footprints of 251 and
122 g CO2e/g, respectively.95, 113 Therefore, for this highly-hopped brand, hops contribute
nearly half of the emissions of barley, which is in stark contrast to literature reports on
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beers with lower hopping rates, where the impact of hops is often considered to be
negligible.93, 114-115

1.4.3.7 Limitations and additional considerations
The main limitation faced when estimating the upstream emissions related to hop
production were the lack of up-to-date literature data, and specific industry data. This
stands to reason, as hop farming is a relatively small industry and farms are often run by
individual families, who either do not track all inputs into production, or are not willing
to share all of them. Another drawback that relates to data quality was the inability to
address certain inputs in hop production, such as energy use for picking (separating bines
from cones), baling, pelletizing, cold storage, and the potentially high impact of highbarrier foil materials such as mylar that are used to store hop products until use. As an
example, in the Yakima Chief Hops (YCH) 2016 Sustainability Report, the authors
comment that primary packaging foil is their most challenging consumable in terms of
environmental impact; it is composed of layers of polyester, aluminum foil, nylon, and
linear low density polyethylene, and there is no known recycling infrastructure that can
use this material as feedstock.116 Hopsteiner’s sustainability report for 2014-16 reports
that more than 80 tons of foil material are used per year, although it is difficult to allocate
this to a specific output of hops given the available data.117 The mention of these reports
touches on another limitation related to available industrial data on sustainability. This is
the fact that industry has the prerogative to be very selective in the sustainability data that
they release, which likely stems from potential resource limitations (it takes time and
money to aggregate this data), as well as concerns over consumer perceptions. The YCH
report only includes scope one and two emissions that relate to post processing of their
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hop products, and this data was not allocated to specific products (hops, extracts, pellets,
etc.) but given as an overall carbon equivalent per pound of product. Similarly, the
Hopsteiner report only covers the sustainability data from one post-harvest-processing
plant in Germany, neglecting any on-farm inputs into production (such as kilning).
Additionally, the brewer must consider energy consumption related to the transport of
hops to the brewery, cold storage of hops at the brewery, and the disposal of hop waste
material. These factors are beyond the scope of cradle-to gate hops production, but may
be impactful to brewers depending on how far their hops travel from farm or distributor
to brewery, how long they remain in cold storage, and how they are disposed of.

1.5 Conclusions

Hops are an essential ingredient in beer, with a long history, an incredibly complex

chemical makeup, and an even more complex contribution to the flavor and aroma of
beer. The popularity of intensely hoppy American craft beers has had a profound impact
on the use of hops as an ingredient; where hops were once thought of as the “spice” of
beer, they may now be considered the primary driver of flavor in beer styles such as
American India Pale Ales. In the context of these hoppy beers, brewers add dry-hops in
ever-increasing quantities in their quest for intense and unique hop character, with the
consequence that the full potential of the hop is often not realized.
In addition to flavor, hops can also have a pronounced impact on the environmental
sustainability of beer, as they have a rather larger carbon footprint than malted barley on
a mass to mass basis. Although their impact is small and often overlooked in popular
lager beer styles, they do make a substantial contribution to the environmental impact of
highly-hopped beers. From an economic perspective, hops are an expensive raw
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ingredient, and industry may also benefit in terms of economic sustainability with their
more effective use. Therefore, the research presented in this thesis consists of
investigations into the efficiency of dry-hopping, in addition to ways dry-hops may be
better utilized, or potentially re-used.
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2.1 Abstract

Dry-hopping, which is the cold, aqueous extraction of hops into beer, has gained

popularity in recent years as a method for achieving intense hop aroma and flavor in beer.
With some brewers dry-hopping at rates up to 2kg/hL (~5 lb/barrel), considerable waste
is generated in terms of both beer loss and spent hops. The retention of valuable volatile
and non-volatile hop components within spent hops, as well as their extraction into to
beer, on both a pilot and industrial scale was investigated. On the pilot scale (80 L), an
un-hopped pale ale was statically dry-hopped with differing lots of whole cone Amarillo,
Centennial, and Cascade at a rate of 386 g/hL (1 lb/bbl) for 24 hours at 13 °C (55°F).
Spent hop material was also collected from a local brewery that dry-hopped ~60 hL (50
bbl) of beer at a rate of 1592 g/hL (4.125 lb/bbl). Approximately one-third of the drymatter composition of hops was lost during dry-hopping regardless of hop variety;
however, there was high retention of both α-acids (77% pilot scale, 52% industrial) and
hop essential oil (51% pilot scale, 32% industrial). The oil remaining in the spent hops
was enriched in hydrocarbon compounds and depleted in oxygenated compounds. These
results indicate that spent dry-hops contain considerable brewing value and have the
potential for re-use.
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2.2 Introduction

Dry-hopping is the cold, aqueous extraction of hops during or after fermentation.1

This practice achieves a distinctive aroma that is notably different from kettle or late-hop
additions, likely owing to the better transfer of volatile aroma compounds from hops to
beer and/or better retention in beer in a closed system and at lower temperatures.2 This
technique has become a key tool for American craft brewers who produce hop-forward
beers, with the output of dry-hopped beer already exceeding one million hectoliters per
year at some breweries.3 The effect of this trend is echoed by those seen in the American
hops industry; between 2012 and 2017 the ratio of aroma to dual-purpose hop acreage
shifted from roughly 50/50 to 80/20.4 Dry-hopping rates among American craft brewers
can range well above 2kg/hL (~5lb/bbl), constituting a hop dose that is often one or two
orders of magnitude larger than a typical kettle addition for lager beer, making dryhopping on an industrial scale expensive and potentially unsustainable. In addition to the
increased dosage, aroma varieties used for dry-hopping often command a higher price,
and the practice of dry-hopping can also lead to significant beer loss during the separation
of hop material from dry-hopped beer. In short, dry-hopping at high rates can be
expensive and has a potentially negative impact on the profitability of these types of
beers.
Beyond beer loss, dry-hopping generates a significant amount of waste in terms of the
spent hops that are discarded, which potentially still contain brewing value in the form of
either volatile or non-volatile hop components. The non-volatile α-acids are the primary
precursors of bitterness in beer, and undergo heat-catalyzed isomerization to the iso- αacids during wort boiling.5 The solubility of α-acids in wort at room temperature and pH
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5 has been estimated at 40 mg/L6, although reported values in dry-hopped beer are
substantially lower and vary depending on hopping regime on both the hot and cold side
of brewing.7-9 Iso-α-acids, on the other hand, are more soluble in wort and beer and can
be found in finished beer with a published concentration range of 15-80 mg/L.6 Brewers’
use of the term “hop utilization” refers to the quantity of iso-α-acids found in the beer
relative to the amount of α-acids added during wort boiling, and typically ranges from 1040% depending on factors such as the form of the hop (cone, pellet, extract), timing of
addition, and physical properties of the wort.10 Studies on the kinetics of α-acid
isomerization have shown that even at 80ºC for 90 minutes, isomerization yield can be
well below 10%.11 These data provide a reasonable basis to assume that at the lower
temperatures of dry-hopping (typically below room temperature) the solvation and
isomerization of α-acids would be minimal, and therefore suggest that a significant
proportion of them may remain in the spent hops.
Hop aroma in beer is primarily driven by the volatile oils found within the hop cone,
which can account for roughly 0.5-3% of the dry mass of hops.12 The major groups of
compounds found within hop oil are hydrocarbons (mainly terpenes and aliphatic
hydrocarbons), oxygenated hydrocarbons (mainly terpenoids), and sulfur compounds
(thioesters, sulfides, etc.), which account for roughly two-thirds, one-third, and one
percent of the mass of hop oil respectively.13 The contributions of specific hop volatiles
to hop aroma and flavor in beer are not well known due to the fact that over 1000
individual constituents likely exist within hop oil (of which over 440 have been
identified)14, as well as synergistic and masking effects of the combinations of these
volatiles.15 In spite of these difficulties, a number of high-impact hop aroma compounds
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have been identified in beer, including the terpene alcohols linalool and geraniol.15-16
There is a large range of reported transfer rates of these compounds from hops to beer,
with values for linalool and geraniol ranging from ~20-110%, and ~50-240%
respectively, relative to their initial dosage and depending on the parameters of the dryhopping system.9, 17-19 Many of the other terpene-based hop oil compounds have very low
reported extraction rates (<5%) in beer due to their non-polar character.19 Some of these
compounds are lesser contributors to hoppy aroma in beer, for example β-myrcene, which
by itself may not be important but serves as a precursor for more high impact odorants
such as linalool and geraniol via autooxidation.20 It is also worth noting that dry-hopping
is far from a standardized practice, and the extraction and retention of hop components
depend on a vast number of system parameters including but not limited to the
temperature, hop variety (or varieties), dosage rate of hop material, hop product being
used, addition method (direct dispersion or restrained in mesh bags or otherwise), use of
mechanical agitation during dry-hopping, contact time, presence of yeast, and scale of the
brewing operation.1, 3, 7, 9, 19, 21-22
To the best of our knowledge, there is currently no published work on the nonvolatile and volatile hop components that are retained within spent dry-hops, in spite of
the growing body of work looking into transfer rates of various hops components into
beer. Given the environmental challenges that brewers must contend with (energy and
water use plus waste generation) and the evidence that consumers would be willing to
pay more for more sustainably brewed beer, re-use of dry-hops waste could potentially
provide a way to add value to a waste stream, while easing the environmental impacts of
beer production.23-24 With this application in mind, the objectives of this study were to 1)
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provide a survey of what brewing value is left within spent dry-hops from a non-volatile
and volatile perspective on a pilot and industrial scale, 2) evaluate the fate of individual
hop volatiles during pilot scale dry-hopping by determining their extraction rates into
beer and retention rates in spent hops, and 3) determine the effect of hop variety and
analyte-specific dosage on extraction and retention rates of hop components.

2.3 Materials and methods
2.3.1 Hops collection
The lab scale dry-hopping experiments were conducted in tandem with an
investigation into the dependence of hop aroma in dry-hopped beer on hop harvest
maturity and kilning.25-26 The hops used in the pilot scale treatments included the
varieties Cascade, Centennial, and Amarillo (Table 2.1).
Table 2.1 Hop acid and total oil content of samples used for pilot scale dry-hopping
α-acid (%w/w)
β-acid (%w/w)
Total oil (mL/100g)
Hop Variety
Range
Mean
Range
Mean
Range
Mean
Amarillo
8.20 -9.44
8.88
5.29 -6.76
6.18
2.14 -2.53
2.34
Cascade
4.51 -7.81
5.88
3.55 -7.43
5.06
0.80 -1.95
1.31
Centennial
8.65 -10.93 10.00
2.43 -3.81
3.01
1.70 -3.56
2.74
Values represent means and ranges of 8-12 replicates, and were calculated on a moisturefree basis.
Shortly after the 2017 harvest, whole cone Cascade and Centennial hops were obtained
from S. S. Steiner, Inc. (Yakima, Wa). Whole cone Amarillo hops were obtained from
Virgil Gamache Farms (Toppenish, Wa). Upon arrival at Oregon State University, all
hops samples were repackaged in high barrier foil pouches, purged with nitrogen,
vacuum sealed, and stored cold (-20°C) until dry-hopping and chemical analysis. On an
industrial scale, spent dry-hop slurry was collected from a local brewery in addition to
samples of hop pellets that were used for the particular dry-hops addition. The hops
consisted of five varieties (Citra, Amarillo, Centennial, Mosaic, and Columbus) which
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were added in two additions over the course of five days, for a total dosage of 1592 g/hL
(4.125 lb/bbl). Over two months, four representative spent-hops samples were collected
from separate production batches of the same brand of beer, brought to Oregon State
University, dewatered using a mesh bag, and placed in high-barrier foil pouches which
were subsequently purged with nitrogen, vacuum sealed, and stored at -20°C until
analysis. This slurry resulted from the production of an imperial India pale ale which had
a starting extract concentration of 17.3°Plato, alcohol content of 8.4% (v/v), real extract
of 4.92°Plato, color of 7.9 SRM, and pH of 4.76. Kettle hop additions were added at a
rate of roughly 656 g/hL (1.7 lb/bbl) resulting in an ~80 bitterness unit (BU) beer.

2.3.2 Beer production
In order to simulate a yeast-free dry-hopping system, an un-hopped beer was prepared
by a commercial brewery in Portland, Oregon (Bridgeport Brewing). 41 hL of un-hopped
wort was prepared with 86.2% pale two row, 13.3% Caramel 10°L and 0.5% Caramel
120°L malt (Great Western, Vancouver, WA). The starting extract concentration in the
un-hopped wort was 11.1°Plato. Fermentation was carried out with BridgePort Brewing
Company’s house yeast strain at 67-68ᴼF. Following fermentation and post-clarification,
iso-α-acids (IsoHop, John I Haas, Yakima, WA) were added at a target concentration of
18 mg/L. This resulted in a 19.0 BU, 4.5% alcohol by volume (%ABV) un-hopped base
beer. Beer was carbonated and packaged into 60 L stainless kegs, shipped to Oregon
State University and held at 2°C until dry-hopping.
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2.3.3 Pilot scale dry-hopping
The pilot scale dry-hopping process established by Vollmer and Shellhammer27 has
been shown to be reproducible and reduces the variation between treatments on a pilot
scale. The method is as follows: 24 hours prior to hop addition, the un-hopped beer was
removed from the cooler at 4°C and allowed to warm to approximately 15°C. For each
treatment, 40L of beer was transferred into two modified 60 L stainless kegs with a 4″
stainless steel opening fitted with a standard Sankey D-system coupler and modified
spear (Sabco, Toledo, OH, U.S.A.). The hop treatments were added at rate of 386g
hop/hL un-hopped beer (1 lb hop/barrel). Whole cone hops were ground into a hop grist
using an Avantco 1.5 horsepower MG22 #12 Meat Grinder. All grinder parts were
thoroughly scrubbed with an Aclonox (White Plains, NY) solution, washed with cold
water, and dried between hop samples, in order to minimize the generation of heat, and
eliminate carry-over of hop material. Ground hops were placed into two mesh bags
(EcoBag, Ossining, NY), along with stainless-steel fittings to ensure the hops sank to the
bottom of the keg. The bags were stored inside high barrier pouches flushed with N2 until
the dry-hopping event. Approximately 150g of each hop sample was set aside for
chemical analysis, which was carried out concurrent with the pilot scale dry-hopping. For
each dry-hop treatment, the two kegs were temporarily de-pressurized and opened under
a stream of low-pressure CO2. Simultaneously, the high barrier pouch was opened and
the mesh bag containing ground hop grist was added to the beer. After the addition, the
headspace was flushed with CO2 and purged. After purging, the kegs were inverted three
times to ensure proper mixing. During dry-hopping, treatments were kept under 10psi
CO2, and the average temperature of the dry-hopping events ranged from 13.3-15°C.
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After 24 hours of dry-hopping, the beer was filtered in order to stop the dry-hopping
process. Dry-hopping was stopped after 24 hours because prior work by Wolfe and
Shellhammer7 showed that the extraction of key hop volatiles occurred within 24hr
during dry-hopping. During filtration the two kegs were blended via a three-way fitting
prior to entering a plate and frame filter using diatomaceous earth impregnated cellulose
pads (HS2000, Pall Corporation, Port Washington, NY, U.S.A.). Dissolved oxygen (DO)
was monitored during filtration using an Orbisphere 3100 Portable Oxygen Analyzer
(Hach, Loveland, CO). Bright beer was not collected until DO was below 110 µg/L.
After DO was within specification, bright, filtered beer was collected in a closed 19.6 L
(1/6 US bbl) stainless steel keg with sufficient backpressure to reduce foaming. Between
each filter run, filter pads were changed to prevent hops and beer carry-over from one
treatment to the next. Filtered beer was stored at 2°C and under CO2 overpressure (11-12
psi) until chemical analysis.
Spent hops were collected immediately after filtration by removing the mesh bags
from the two treatment kegs, gently hand-wringing them to remove excess beer (resulting
in ~80% moisture content on a wet basis), depositing them into a high barrier pouch, and
thoroughly mixing them by hand. The high-barrier pouches were subsequently purged
with nitrogen, vacuum sealed, and stored at -20°C until analysis.

2.3.4 Hop analysis
2.3.4.1 Moisture & soluble solids
Moisture content was determined by ASBC method hops 4a, which is a routine air
oven method.28 However, drying for one hour at ~103°C was found to be insufficient for
the spent hops samples due to their high moisture content, which averaged 76% w/w (wet
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basis). Drying trials revealed that beyond three hours of drying, negligible changes in
mass were observed (~0.01%) and 2 hours was used as a standard drying time for wet
spent hops.
Loss of soluble solids from hop material during dry-hopping was also considered and
found to be an important piece of data for comparing pre- and post-dry-hopping
composition of the hops used. Lab scale dry-hopping experiments in an acetate buffer
system (buffer method) were used to verify the percent extraction of soluble solids
observed in the pilot scale (beer method) dry-hopping treatments. In brief, the lab scale
dry-hopping treatments were performed by adding ground hops to 250mL beer buffer
(pH 4.3, 0.1N acetate buffered 5% ethanol) at the same hops/diluent ratio as in the pilot
scale dry-hopping (3.86g/L), and removing them after 24 hours by filtration through
113V qualitative filter papers from Whatman (GE Healthcare) (Buckinghamshire, United
Kingdom). Density and alcohol measurements were carried out using the Anton Paar
Beer Alcolyzer. Real extract (RE) was then calculated based on the measured alcohol
content and density of the resulting solutions using Tabarie’s formula, which deconstructs
the specific gravity (SG) of a beer into the SG of the alcohol and the SG of the RE.29All
alcohol by volume (%ABV) to SG conversions were carried out using ASBC Table 228,
and all conversions of SGRE to degrees Plato (%w/w) were calculated using a fourth order
polynomial that was accurate to three significant figures.28 Percent soluble solids was
determined by calculating the ratio between the change in real extract due to dry-hopping
and the amount of dry hop matter entering the system on a per-liter basis.
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2.3.4.2 Non-volatiles
2.3.4.2.1 Reagents and standards
HPLC-grade methanol was obtained from VWR International, BDH analytical (West
Chester, PA, USA). Phosphoric acid was obtained from Avantor Performance Materials
(Center Valley, PA). Ethyl ether and hydrochloric acid were obtained from EMD
Millipore Corporation (Billerica, MA). International calibration extract ICE-3 standard
was obtained from ASBC.

2.3.4.2.2 HPLC analysis
The concentrations of hop acids in hops and beer samples were determined using
ASBC methods Hops-14 and Beer-23E under modified HPLC conditions on an Agilent
1200 HPLC.28 Prior to analysis beer was degassed via filtration through GHP Acrodisc®
13 mm, Pall Corporation (East Hills, NY) syringe filters. Analysis was performed using a
2.6 µm EVO C-18 100 Å 100 x 4.6 mm LC 143 column (Phenomenex, Torrance, CA)
held at 40°C. 7 μL of each sample was injected and the elution was carried out using a
flow rate of 1.6 mL/min. The solvent gradient was as follows: 10% solvent A (reagent
water): 90% solvent C (75% MeOH, 24.5% H2O, 0.5% H3PO4) held for 5 min, then
changed to 100% solvent D (100% MeOH) over 5 min and held for 2 min, then returned
to 10% solvent A: 90% solvent C over 2 min, for a total run time of 14 min. α- and βacids were measured at 314 nm. No statistically significant difference was found between
the results of HPLC analysis on hops and hops adjusted to ~80% moisture with the
experimental beer.
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2.3.4.3 Volatiles
2.3.4.3.1 Total oil
Total hop essential oil (mL/100g) was determined by hydrodistillation according to
ASBC method Hops 13.28 Hop oil was stored in 2.5mL amber vials with foil lined
closures, and was purged with nitrogen before being stored at -20°C until further
analysis.

2.3.4.3.2 Reagents and standards
β-Myrcene, (+)-α-pinene, (+)-β-pinene, linalool, geraniol, citral 1&2, (R)-(+)limonene, geranyl acetate, geranic acid, nerol, β-caryophyllene, α-humulene, β-farnesene,
and (-)-caryophyllene oxide were obtained from Sigma-Aldrich (St. Louis, MO). 2octanol was obtained through Alfa Asear (Haverhill, MA). Hexanes were obtained from
J.T. Baker (Center Valley, PA).

2.3.4.3.3 Hop oil constituents
Hop oil compositional analysis was performed using previously published
methodology30 using an HP 6890 gas chromatograph with an Agilent 5972a mass
spectrometer (GC-MS) under modified conditions from ASBC Hops-17.26 In brief, a 1%
2-octanol (8026 ppm) solution was prepared in reagent grade hexane. Hop oils were
diluted to 10% with the 1% 2-octanol/hexane solution in crimped glass vials. 1 µL of the
diluted hop oil was directly injected into the injection port held at 200°C and operating in
split mode (1:20) using the septum purge option. The analytical column was a 30m x 250
um x 0.25 um Zebron ZB- 1 MS (Phenomenex, Torrance, CA) and ultra-pure helium was
used as the carrier gas (at constant flow rate, 1.4 ml/min). The following temperature
program was used: 50°C hold for 1 min, 50-180°C (2°C/min) hold for 10 minutes, 180-
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200°C (3°C/min) and 250°C hold for 5 minutes. The auxiliary line and mass spectrometer
were operated at 280 and ~180°C respectively. The mass spectrometer was operated
using electron-impact mode at 70 eV and in full scan mode set up to detect ions with a
mass-to-charge ratio (m/z) of 30–350. 4-point calibration curves (100, 200, 300, and 900
ppm) were created for all target analytes. For high concentration target analytes,
additional calibration points were added (β-myrcene, α-humulene: 10000, 25000, 35000;
β-caryophyllene, β-farnesene: 5000, 10000). Target analytes were quantified using the
following ions for each analyte: m/z 55 (2-octanol), m/z 68 (limonene), m/z 69 (βfarnesene, geraniol, geranial, nerol, neral, geranic acid, and geranyl acetate), m/z 71
(linalool), m/z 79 (caryophyllene oxide) and m/z 93 (α-pinene, β-pinene, β-myrcene, βcaryophyllene, and α-humulene). The target analyte concentrations in hop oil were then
standardized on a per-mass basis using the total oil content determined during
hydrodistillation.

2.3.4.3.4 Hop volatiles in beer
Headspace-Solid Phase Micro Extraction (HS-SPME) was performed on the dryhopped beer treatments using a 2 cm 24-gauge divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) Stableflex fiber with 30/50 μm coating
thickness (Supelco, Bellefonte, PA). 8 ml of each sample was placed into a 20 ml screw
top amber vial with 3 g sodium chloride EMD Millipore (Billerisa, MA). 2-octanol (911
ppb) was used as an internal standard and added to each vial. A MultiPurpose auto
sampler (MPS2; Gerstel, Mülheim, Germany) was used for pre-incubation, stirring,
extraction, and injection. Samples were pre-incubated for 15 min at 30°C and adsorbed
by piercing the vial septa and exposing the fiber to the headspace for 45 minutes with
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agitation. After adsorption, the fiber was desorbed into the GC sample inlet (splitless
mode, 250 °C) for 10 minutes. The analytical column was a 30m x 250 um x 0.25 um
Zebron ZB- 1 MS (Phenomenex, Torrance, CA) and ultra-pure helium was used as the
carrier gas (at constant pressure, 11 psi). The following temperature program was used:
50°C hold for 1 min, 50-250°C (5°C/min) hold for 11 minutes and 250°C hold for 5
minutes. The auxiliary line and mass spectrometer were operated at, 280 and 180°C
respectively. The mass spectrometer was operated using electron-impact mode at 70 eV
and in full scan mode set up to detect ions with a mass-to-charge ratio (m/z) of 30–350.
5-point calibration curves (11, 22, 44, 89, and 300 ppb) were created for all target
analytes. Calibration curves were made in a model beer solution (pH 4.3, 0.1N acetate
buffered 5% ethanol) and were prepared using the methodology previously described.

2.3.5 Statistical analysis
One-way analysis of variance (ANOVA) with multiple comparisons (Tukey-Kramer
HSD) (α = 0.05), two-tailed paired t-tests (α = 0.05), and simple linear regression
analysis were carried out using JMP Pro 12 (Buckinghamshire, England).

2.4 Results and discussion
2.4.1 Accounting for soluble solids loss in dry-hopping
In addition to the compounds studied in this work, hops contain significant quantities
of potentially soluble protein, ash, and phenolic compounds.6 In order to account for
these losses, the extent of soluble solids extraction during dry-hopping from the hop
material used for this study was evaluated by two methods (in beer and “beer buffer”) as
described earlier (Table 2.2). A paired t-test (p = 0.306) revealed no significant difference
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between the beer and buffer methods for calculating soluble hop solids, which averaged
34 and 33% (%w/w dry basis) respectively.
Table 2.2 Comparison of methods for determining soluble hop solids
Extractable solids (% w/w, dry basis)
Hop variety
In beer
In buffer
Amarillo
31.3 ± 4.9a
31.6 ± 0.8a
Cascade
38.2 ± 2.6b
34.8 ± 1.6b
a
Centennial
33.7 ± 4.8
33.2 ± 1.2b
Values represent means of 6-12 replicates ± one standard deviation. Means with same
superscripts are not significantly different at p < 0.05 based on Tukey HSD
However, there was considerably more within-group variation in the beer method.
ANOVA (beer method p = 0.0029, buffer method p < 0.0001) with post-hoc TukeyKramer HSD revealed variety dependent soluble solids groupings, with Cascade having
significantly higher soluble solids at 38% (beer) and 35% (buffer) compared to Amarillo
at 31% (beer) and 32 % (buffer). Due to the larger variation inherent in the beer method,
Centennial was grouped with Amarillo in the beer method and with Cascade in the buffer
method. These data show that within these varieties nearly one third of the original hop
mass is transferred into beer during dry-hopping. This is a new and surprising finding in
industrial dry-hopping, where most brewers consider hop material to be largely inert, and
its contribution to beer as dry-hops is viewed only in terms of transfer of flavor-active
compounds. For the remainder of this study, unless otherwise noted, values that have
been adjusted for the loss of soluble hop solids were calculated using the “beer”
adjustment.

2.4.2 Bitter acid and total oil content of spent hops
The hops used in this experiment showed a wide range of both α-acid and total oil
content, within and between the different varieties (Table 2.1), indicating that pre-
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(harvest maturity) and post-processing (kilning) factors both play a role in determining
the chemical composition of hops, which has been demonstrated by previous studies.31-33
For each pilot scale dry-hopping experiment, the composition of the hops in terms of αacids and total oil was compared pre- and post-dry-hopping (Figure 2.1). The retention
rates of these components were calculated based on hop composition pre- and post-dryhopping on a per-mass basis (accounting for moisture and the loss of soluble hop solids
of each individual treatment) (Figure 2.1, Table 2.3).

Figure 2.1 Comparison of total oil (red) and α-acid content (blue) of hops pre- versus
post-dry-hopping (top) and retention rates as a function of initial concentration (bottom)
for Cascade (black), Amarillo (gray) and Centennial (white) hops.
Table 2.3 Comparison of hop acid and total oil retention rates in spent hops
α-acid retained (%w/w) β-acid retained (%w/w) Oil retained (%v/v)
Hop Variety
Range
Mean
Range
Mean
Range
Mean
Amarillo
65 -98
82a
66 -99
84a
35 -68
57a
Cascade
62 -96
74a
71 -103
80a
30 -60
41b
a
a
Centennial
58 -80
72
63 -106
77
39 -65
51ab
Values represent means and ranges of 8-12 replicates. Means with same superscripts are
not significantly different at p<0.05 based on Tukey HSD
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As expected based on the hydrophobic character of both the α- and β-acids and their
relatively low solubility in water and beer, these components were found to remain in
significant quantities within the spent hop material. On average, 82, 74, and 72% of αacids were retained within the spent material for Amarillo, Cascade, and Centennial
respectively, resulting in an overall mean of 77% across all three. Similarly, β-acids were
retained at a rate of 84, 80, and 77% within the spent Amarillo, Cascade, and Centennial
hops respectively, for an overall average of 81%. There was suggestive evidence of a
variety effect on α-acid retention in a one-way ANOVA (p = 0.0799). The dependence of
the retention of α-acids in the spent hops on their initial concentration in the hop material
was examined by fitting a linear regression for both the beer and buffer adjustments. In
the beer model, there was no evidence of a correlation (R2 = 0.027, p = 0.4041). Using
the buffer model, there was evidence of a negative correlation between the initial
concentration and the retention of α-acids (p = 0.039) but the linear model did not
account for much of the variation in the data (R2 = 0.154) suggesting that more work
needs to be done to understand this relationship.
Neither α- nor β-acids were detected in any of the experimentally dry-hopped beers. It
is expected that very low levels of these components could be transferred into the beer in
a quiescent dry-hopping system, since previous work in similar dry-hopping systems
suggests low level extraction of α-acids (in the range of a few parts-per-million) is
possible at 1lb/bbl dosage.7, 9 β-acids are generally regarded as insoluble in beer,13
although recent work has shown that they may be present in higher concentration in
highly hopped, hazy beers.34 However, in the case of hazy beers, the high residual hop
acids are likely present as a suspension of insoluble compounds as opposed to completely
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solvated. In the study presented herein, all beers were filtered to arrest the dry-hopping
process thereby removing all insoluble components.
The transfer of hop volatiles from the hop material to beer is the primary goal of dryhopping in general. Therefore, the fate of the oil fraction of the hop is of particular
interest when examining the efficiency of dry-hopping. The essential oil content of the
hop material used in this study was compared before and after dry-hopping as determined
by hydrodistillation (Figure 2.1). Retention rates of hop oil were calculated on a per-mass
basis (again accounting for moisture and loss of soluble solids) (Figure 2.1, Table 2.3).
Considering the hop material leaving the dry-hopping system on a dry solids basis, an
average of 76% of hop oil was recovered with suggestive evidence of a variety effect (p =
0.0649). However, simply using the values from the spent material without adjusting for
the loss of hop solids does not account for the fact that roughly 1/3 of the dry solids are
washed out during dry-hopping. Accounting for the loss of solids reveals a soluble solidsbased variety effect (p = 0.0047), with significant differences in retention rates between
Amarillo (56%) and Cascade (42%), and Centennial (51%) grouped with both Amarillo
and Cascade. The relationship between hop oil dose and the extent of retention of hop oil
in the spent material was evaluated by fitting a linear regression. A statistically
significant positive correlation was found (p = 0.016), but only 20% of the variation in
the data was accounted for, indicating the need for more information in elucidating the
mechanisms controlling the extraction of hop oil. Although total oil content of hops has
been shown to be a poor predictor of aroma potential in beer,35 hoppy aroma in beer is
still driven by components of the oil fraction, indicating that based on these data (~50%
retention) spent dry-hops could be a potential source of hop aroma.
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2.4.3 Bitter acid and hop essential oil retention in industrial scale dryhopping
Industry scale dry-hopping samples were collected and subsequently analyzed for
bitter acids and total oil, along with a pre-dry-hopping control made up of a mixture of
the five varieties used (Table 2.4). These data show a better extraction of hop components
as compared to the pilot scale dry-hopping with spent material retaining an average of 47
and 33% of total oil on a dry “as-is” and dry, solids adjusted basis respectively.
Table 2.4 Comparison of hops before and after dry-hopping at a local brewery
Moisturea α-acidsb
β-acidsb
Total oilb
Sample Type
(% w/w)
(% w/w)
(% w/w)
(mL/100g)
Hop pellets
9.03
11.55
3.99
1.79
Spent hops “as-is” 75.8 ± 2.7 8.67 ± 1.72 0.75 ± 0.009 0.84 ± 0.13
Values represent a single measurement for hop pellets and means of 4 replicates of spent
hops gathered from different production batches ± one standard deviation
a
expressed as wet-basis
b
expressed on a moisture-free basis
In terms of α-acids, the spent material contained an average of 75 and 52% on a dry
“as-is” and dry, solids adjusted basis respectively. β-acids were retained at a considerably
lower rate than in the pilot scale trials, with less than 20% retention on a dry “as-is” basis.
Recent work has shown that hazy IPAs may have increased concentration, and therefore
extraction, of β-acids, which could offer one potential explanation for the significant
decrease observed in β-acid retention.34 Compared to the pilot scale, static dry-hopping
treatments, these values were in general roughly 20% lower, likely owing to differences
in key aspects of how dry-hopping was carried out, which in this case consisted of adding
hops directly to beer (rather than in mesh bags), extending the contact time to several
days (as opposed to 1 day), and stirring the dry-hopped beer several times.
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2.4.4 Transfer and retention of hop volatiles
In order to gain a deeper understanding of the extraction and retention rates of various
hop aroma compounds, the quantities of specific analytes were measured in the raw hops,
dry-hopped beer, and spent hops (Table 2.5). Due to the different quantities of total oil
and aroma compounds that resulted from different harvest times or kilning conditions the
resulting data show a wide range of dosing conditions in spite of all dry-hops additions
being performed at the same mass dosage rate. Although the quantities of these
compounds in spent hops need to be adjusted to reflect the loss of soluble solids during
dry-hopping, it is useful to compare the raw hops and spent hops “as is” from a practical
perspective, since a brewer potentially re-using this material would need data on the
actual spent hop material to be used for reuse in order to calculate dosage for bittering or
aroma additions. Using an “as is” comparison also reveals striking differences between
individual compounds in terms of their retention in spent hop material or transfer to beer.
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Table 2.5 Content of selected aroma compounds in hops, spent hops, and beer
Raw hops
Spent hops (as-is)
Beer
Compound
mg/100g
n
mg/100g
n ug/L
n
linalool
2.8-20.7
28
0.2-9.5
28 80-281 28
geraniol
1.6-37.5
28
0.5-3.8
24 39-357 28
caryophyllene oxide
2.7-14.4
28
0.7-6.9
28
n.m.
geranial
0.6-4.6
28
0.9-1.5
5
24-26
2
geranyl acetate
1.5-31.4
28
1.0-18.9
28 21-28 27
neral
0.6-4.1
24
0.4-2.0
8
19-26
2
geranic acid
2.9-105.4
28
1.0-86.1
28 27-110 28
nerol
0.9-6.8
28
0.5-3.4
28 34-77 28
β-farnesene
26.6-147.0
20
14.4-131.2
20 21-25 10
β-myrcene
371.5-2382.1 28 258.3-2163.4 28 14-25 28
α-pinene
0.7-5.9
28
0.4-5.2
28
n.m.
β-pinene
5.2-37.5
28
3.3-34.6
28
n.m.
limonene
1.6-10.8
28
1.1-10.3
28
n.m.
α-humulene
122.4-565.6
28
98.8-544.0
28 24-28 28
β-caryophyllene
39-181.7
28
32.4-184.7
28 21-23
5
Values represent concentration ranges of n observations, spent hops data are not adjusted
for soluble solids. Volatiles in hops are expressed on a moisture-free basis.
*n.m. = not measured
The terpene and sesquiterpene hydrocarbons (α- and β-pinene, β-myrcene, limonene,
β-caryophyllene, β-farnesene, and α-humulene) were found at maximal concentrations in
the spent material that was often within a few mg/100g of their original concentration.
This is interesting considering that the spent material only contained an average of 77%
of the quantity of oil that it entered with. Conversely, oxygenated compounds such as the
terpene alcohols and aldehydes (linalool, geraniol, nerol, geranial, and neral) were found
in far lower quantities in the spent material, with maximal concentrations reaching as low
as ~10% of the initial concentration.
The trends in retention were mirrored by the quantities of these constituents that were
transferred to the beer matrix; terpene hydrocarbons were found in far lower quantities
than oxygenated terpenes. Terpene acids, esters, and oxides (geranic acid, geranyl
acetate, and caryophyllene oxide) showed transfer and retention trends intermediate to the
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terpene hydrocarbons and the terpene alcohols and aldehydes. These trends seem to be
dictated by the physical properties of the compounds, namely their polarity, which will be
discussed in detail in the next section.

2.4.5 Octanol-water partition coefficients as a model for extraction and
retention rates of hop aroma compounds
Octanol-water partition coefficients describe the relative tendency of a given
compound to partition into an organic (octanol) or aqueous phase and are used widely in
environmental chemistry in order to trace the fate of organic pollutants.36 These
coefficients are also used to assess the distribution of substances in biological systems37
and have applications in toxicology and drug design.38 The log of the octanol-water
partition coefficient (log(Kow)) is the most commonly reported value, and higher and
lower values for log(Kow) designate hydrophobic or hydrophilic character respectively.
In the context of hop aroma chemistry, Kow has been used to design stir bar-sorptive
extraction methods for the analysis of hop volatiles in beer.39 Recent work by Haslbeck et
al. introduced the Kow as a model for the transfer of hop volatiles into beer, and found
good correlation between these values and the transfer rates of a range of hop derived C8
and C11-esters, monoterpenes, and sesquiterpenes.22 Aqueous solubility is strongly
correlated with Kow and also tracks relatively well with the data collected in this study
(Table 2.6). Due to differences in reported Kow and solubility data depending on method,
selected data are reported or calculated from a variety of sources.37-42
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Table 2.6 Physical properties and extractability of selected hop aroma compounds
Log(Kow)a
Aqueous
Extraction Retention Processing
b
Compound (log(mol/mol)
solubility
ratec
rated
losse
25ºC)
(mg/L, 25ºC)
(% w/w) (% w/w) (% w/w)
linalool
3.4-3.5
1542
46
16
38
geraniol
3.5-3.6
404-877
43
24
33
geranyl
4.0
18
9
36
55
acetate
β-pinene
4.2-4.4
13-32
n.m.
58
n.m.
limonene
4.4-4.5
12-13
n.m.
58
n.m.
β-myrcene
4.3-4.9
<10
0.05
52
48
α-humulene
7.0
N/A
0.2
64
36
Extractability values represent overall means across all treatments where the analyte was
detected
a
partition coefficient data from the literature38-40
b
solubility data from the literature 37, 41-42
c
extraction from hops to beer
d
retention in spent hops
e
unaccounted for loss (total content in hop minus c and d)
*n.m. = not measured
Transfer and retention rates were calculated based on the proportion of individual
analytes that were found in the dry-hopped beer and spent hops relative to the amount of
analyte that was dosed into the beer. All calculations involving hop material were carried
out using the dry mass of the material. Retention rate calculations in spent hops were
additionally adjusted to account for solids loss. Extraction and retention rates of the
compounds investigated in this study were plotted against log(Kow) in order to provide a
visual representation of the relationship between these parameters (Figure 2.2). These
data reinforce the utility of Kow as a model for the fate of hop volatiles during dryhopping, with clear distinctions in the extraction and retention rates for different groups
of compounds. The sesquiterpene hydrocarbons (α-humulene, β-farnesene, βcaryophyllene, log(Kow) = 6.3-7.1) showed some of the lowest mean extraction rates (0.20.6%) and highest mean retention rates (52-63%).
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Figure 2.2 Extraction into beer (white circles) and retention in spent hops (black circles)
of sesquiterpene hydrocarbons (α-humulene, β-farnesene, β-caryophyllene), monoterpene
hydrocarbons (β-myrcene, α-, β-pinene, limonene, extraction only measured in βmyrcene), terpene esters (geranyl acetate), and terpene alcohols (linalool, geraniol, nerol)
as a function of log(Kow)
This is particularly interesting given recent work that has reinforced the belief that the
oxygenated forms (sesquiterpene alcohols and epoxides) of α-humulene and βcaryophyllene are likely important for kettle hop aroma.43 In a similar manner to the
sesquiterpenes, the monoterpene hydrocarbon β-mycene (log(Kow) = 4.3) had the lowest
measured mean extraction rate (0.05%), which is likely due to a combination of its
nonpolar character and the fact that it the most quantitatively abundant constituent in hop
oil. The mean retention rates (52-58%) of the monoterpene hydrocarbons (β-mycene, αand β-pinene, and limonene, log(Kow) = 4.3-4.5) covered a similar range to the
sesquiterpenes, but was in general slightly lower. The terpene ester geranyl acetate
(log(Kow) = 4.04) had a relatively higher mean extraction rate (9%) and lower mean
retention rate (36%), in line with its slightly lower partition coefficient. The terpene
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alcohols (linalool, geraniol, and nerol, log(Kow) = 3.47-3.56) showed by far the highest
mean extraction rates (43-51%) and the lowest mean retention rates (16-42%) owing to
the more polar character of the alcohol moiety. Generally speaking, with increasing Kow ,
an increase in retention rate with an accompanying decrease in extraction rate was
observed. It is also worth noting there were relatively high rates (>30%) of unaccounted
for losses across all compound groups. It is possible that these losses could have occurred
during filtration, although, to the best of our knowledge, this effect has not been
demonstrated.

2.4.6 Transfer, extraction, and retention of myrcene and linalool
β-myrcene, an acyclic monoterpene hydrocarbon, is typically the most abundant
constituent in hop oil, making up 30-60% of the total oil content.44 Although β-myrcene
is one of the most potent odorants in hop cones, its contribution to hoppy aroma in beer is
less clear, as it is nearly completely lost during wort-boiling, and is only found above its
aroma threshold in dry-hopped beer.15, 45 Linalool, on the other hand, is often identified as
a key aroma compound in both hops and beer.13, 45-47 The β-myrcene and linalool content
of dry-hopped beer as well as their extraction and retention rates were plotted against
their initial concentration in the hop material, in order to take a closer look at their
behavior during dry-hopping (Figure 2.3). In both cases, statistically significant positive
linear correlations were found between the dose of these compounds and their
concentration in beer (p<0.0001 and p = 0.0006 for β-myrcene and linalool respectively).
In spite of the considerably smaller extraction rates seen for β-myrcene, both compounds
showed a statistically significant negative correlation between extraction rate and dosage
(p<0.0001 and p = 0.0009 for β-myrcene and linalool respectively). This finding is
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important evidence of the fact that higher dry-hop additions may lead to increased aroma
potential in beer but come at the cost of lower yield, a phenomena which has been
documented in the literature.9, 18

Figure 2.3 Concentration in beer (gray circles), extraction into beer (white circles), and
retention in spent hops (black circles) for β-myrcene (left) and linalool (right) as a
function of effective dry-hopping dosage

Figure 2.4 β-myrcene (red) concentration as a function of linalool (blue) concentration in
raw (black circles) and spent (white circles) hops on a moisture free basis (db)
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In terms of retention rates, a significant correlation was only seen for linalool (p<0.0001)
which showed a positive correlation between dosage and retention, indicating that higher
addition rates lead to decreased efficiency. As a comparison of the relative
extraction/retention rates of these two compounds, β-myrcene content was plotted against
linalool content of hops pre-dry-hopping and post-dry-hopping on an “as is” dry basis
(Figure 2.4). In this data set, the amounts of these two compounds were positively
correlated and depended on the quantity of total oil in the hop material. A linear
regression was fit for the two sets of data, with intercepts forced through the origin in
order to compare the slopes and by proxy the β-myrcene/linalool ratios (R-squared = 0.89
and 0.46 in raw and spent hops respectively). The slope of the line of best fit for the spent
hops was considerably higher in magnitude than the raw hops, at 271 compared to 107,
respectively. This indicates a preferential enrichment of β-myrcene in spent hops relative
to linalool, which can be attributed to the difference in their polarity and partitioning
behavior. This simple comparison draws attention to the likelihood that spent hops have
more hydrocarbon character than their raw counterparts, which could lead to differences
in aroma quality upon their addition to beer.

2.5 Conclusions and implications

The results of this investigation provide proof that dry-hopping is a relatively

inefficient process, and that spent dry-hops waste on both a pilot and industrial scale
contain a considerable quantity of both volatile and non-volatile hop constituents. This
opens the possibility of reclaiming both the bittering and aroma potential of what would
otherwise be a waste material of the production process. The beer industry is an intensive
user of energy and water, has a significant carbon footprint, and generates an appreciable
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quantity of both solid and liquid waste.23 Recent research has demonstrated that in spite
of the potential for unsustainable practices in brewing, many regional craft brewers are
succeeding in assessing the potential impacts of their production processes and
implementing changes towards better environmental, economic, and social
sustainability.48 In addition, consumer research has shown that for low risk products,
consumers are often willing to pay more for those that contain recycled materials,49 and
that beer drinkers are willing to pay more for more sustainably brewed beer.24 Therefore,
the recycling of spent dry-hops for either bittering, late-, or dry-hops additions could
provide an opportunity for brewers to simultaneously improve the
economic/environmental sustainability of production and differentiate themselves by
offering a novel product.
It is important to note that the results of this study represent distinct dry-hopping
regimes, and the reader is cautioned in extending the findings to the wide range of dryhopping methods used in industry. Further work also needs to be carried out in order to
assess how well spent dry-hops are utilized in kettle additions, and whether the use of
spent dry-hops for bittering (alone or in combination with raw hops) produces an
acceptable beer from an organoleptic perspective. The same approach must be taken with
the potential re-use of spent material for late- or dry-hopping, given the notable
enrichment in hydrocarbon character relative to higher impact oxygenated compounds.
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3.1 Abstract

With the rising popularity of hop-forward American ales, dry-hopping has emerged as

a ubiquitous technique for achieving pronounced hop aroma and flavor in beer. Due to
the low temperatures at which dry-hopping is carried out (relative to kettle-additions),
hop-derived bitterness precursors are neither isomerized nor transferred to beer and
remain, in significant quantities, within the discarded waste material. Therefore, this
study was carried out to assess whether spent dry-hops could potentially be re-used for
bittering. Spent hops following dry-hopping were collected from a local brewery, in
addition to samples of the same pelletized hops used to dry-hop that specific brand. Hop
acid utilization rates were measured on a lab scale using 1.5 L of un-hopped wort dosed
separately with spent hops or hop pellets and boiled for 60 minutes in 5 L round-bottom
flasks, and also on two pilot scale (~160 L) brews. Lab scale utilization rates for the hop
pellets and spent hops were not significantly different, both averaging 29%. On the pilot
scale, utilization rates differed, at 21% and 27% for the hop pellets and spent hops,
respectively. Finished pilot scale trial beers were then statically dry-hopped with Cascade
hops at a rate of 386g/hL (1lb/bbl) for 48 hr at 13°C (55°F) in 50L treatments, resulting
in four beers for sensory analysis.

80

The dry-hopped beers were found to be significantly different via an unspecified
tetrad test, and the higher bitterness of the spent hop beer was confirmed via a twoalternative forced choice test. However, consumer testing for overall liking and liking of
the beers’ aroma and bitterness showed no significant differences between any pairwise
comparisons of the four beers. These results demonstrate that from both an in-brewery
utilization and organoleptic perspective, spent dry-hops could provide a feasible
alternative to traditional kettle additions, while potentially saving brewers money and
reducing environmental impact.

3.2 Introduction

The brewing industry is a large consumer of both water and energy, and generates

significant quantities of solid and liquid waste. Compared to wine and spirits on a volume
to volume basis, the carbon footprint of beer is substantially smaller, although on the
basis of alcohol as a functional unit, spirits win out and wine performs nearly as well as
beer.1 One recent publication estimated in-brewery consumption of 8-12kWH electricity,
5 hL water, and 150 MJ of fuel energy per hL of beer produced, in addition to the
generation of ~13.6 kg of spent grains per hL of wort (35.3 lb/bbl), and 1.7-4.3 kg spent
yeast per hL of beer (4.4-11 lb/bbl).2 These data point to a number of areas for potential
improvement within brewing operations, although other life-cycle stages of beer
production often have an even greater impact on sustainability.
According to the Oregon Consumption-Based Greenhouse Gas Emissions Inventory,
the upstream emissions of beer consumption (including imports) in Oregon are equal to
202,700 metric tons of carbon dioxide equivalents annually, which is roughly equivalent
to running 42,800 average passenger vehicles for a year.3 A recent report commissioned
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by the State of Oregon Department of Environmental Quality reviewed 15 life-cycle
assessment (LCA) studies dating back to 2005 in the US as well as various European and
Asian countries.3 On average, packaging (40%) and raw material production (22%,
primarily barley) had the greatest relative carbon footprints. Retail and home refrigeration
(18%) was also a major contributor, with brewing operations (9%), distribution (7%), and
waste management (4%) making lesser contributions.
Brewers’ spent grains (BSG) have received the most attention in terms of waste
valorization within the brewing industry due to the large environmental impact of malted
barley production, and their potential for re-use. BSG is available in large quantities year
round; Brazil, the world’s fourth largest producer of beer, generated 1.7 million tons of
BSG in 2002, and a recent report estimated 76,000 tons of BSG are generated annually
by Molson Coors alone.4-5 Given its high content of protein and cellulosic material, BSG
may provide a valuable supplement for human nutrition, or a feedstock for the production
of added-value bioproducts (vitamins, amino acids, etc.), polymers and resins.4 Indeed,
from the human nutrition perspective, BSG has already found its way into upcycled bread
flour and health beverages.
The potential re-use of spent hops has garnered far less attention, likely due to the fact
that most traditional beer styles call for sparingly small quantities of hops compared to
barley leading to less availability and smaller environmental impacts relative to barley.6-7
For instance, a study on the carbon footprint of New Belgium's Fat Tire Amber Ale found
that only 0.2% of the total carbon footprint came from hops.7 However, this brand only
uses 2.3 g of hops per six-pack of beer, which translates to roughly 1.08 g/L (0.3lb/bbl).
Hop-forward beer styles such as India Pale Ale (IPA), the production of which within the
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American craft beer market has increased nearly tenfold over the past decade, call for
considerably more hop material, and it is not uncommon for American craft brewers to
use up to or exceeding 20g/L (~5lb/bbl) for dry-hopping alone.6 Dry-hopping, which
involves the addition of hop material to partially or fully fermented beer, rather than to
hot wort, is particularly inefficient in terms of the extraction of both bitterness precursors
and aroma compounds from hop material.8-9 What’s more, residual hop bitter acids and
volatile aroma compounds found in spent dry-hops can likely be re-used in the brewing
process, or in other industries. Essential oil from spent (likely kettle) hop material has
been shown to be an effective repellent of insect food spoilers, while hop bitter acids
have been investigated as potential antimicrobials for food preservation, and have potent
miticidal effects on a major pest of honeybees.10-12
One potential means for upcycling spent dry-hops in beer production is re-introducing
them during kettle additions as a source of bittering hop acids. During kettle boiling, hop
α-acids undergo a heat catalyzed isomerization to iso-α-acids, which are more bitter and
soluble in beer, and are the primary drivers of beer bitterness.13 The quantity of iso-αacids in the hopped wort or finished beer relative to the quantity of α-acids added to the
kettle is commonly referred to as hop utilization. This type of utilization is typically low
(less than 40%) for kettle additions and depends on a number of factors including pH,
wort strength, kettle design, and notably, the form of the hop material.14-17 Given the
likely compositional differences between spent dry-hops and pelletized hops, there may
be differences in utilization rates, and/or the organoleptic qualities of beers alternately
bittered with these materials. On the other hand, beers produced with “spent” hop
upcycling could help brewers approach some of the sustainability challenges facing
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industry, while simultaneously allowing them to create a novel product that could
differentiate them in a crowded market. As such, the goals of this project were to 1)
investigate the bitterness utilization of spent dry-hops relative to pelletized hops on the
lab scale 2) evaluate the efficacy of upcycling spent dry-hops to kettle additions from an
organoleptic perspective in a pilot scale brewing system.

3.3 Materials and methods
3.3.1 Hops collection
Spent dry-hop slurry was collected from a local brewery along with samples of hop
pellets that were used for the particular dry-hops addition. The hops consisted of five
varieties (Citra, Amarillo, Centennial, Mosaic, and Columbus) which were added in two
additions over the course of five days, for a total dosage of 1592 g/hL (4.125 lb/bbl).
Representative spent dry-hops samples were collected from production batches of a
single brand of beer, brought to Oregon State University (OSU), dewatered using a mesh
bag, and placed in high-barrier foil pouches which were subsequently purged with
nitrogen, vacuum sealed, and stored at -20°C until analysis. This spent dry-hop slurry
resulted from the production of an Imperial India Pale Ale (IIPA) which had a starting
extract concentration of 17.3°Plato, alcohol content of 8.4% (v/v), real extract of
4.9°Plato, color of 7.9 SRM, and pH of 4.76. Kettle hop additions were added at a rate of
roughly 656 g/hL (1.7 lb/bbl) resulting in an ~80 Bitterness Unit (BU) beer. Whole cone
Cascade hops used for pilot scale dry-hopping at OSU were obtained from Yakima Chief
Hops (Yakima, WA).
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3.3.2 Hop & beer analysis
3.3.2.1 Reagents and standards
HPLC-grade methanol was obtained from VWR International, BDH analytical (West
Chester, PA, USA). Phosphoric acid was obtained from Avantor Performance Materials
(Center Valley, PA). Ethyl ether and hydrochloric acid were obtained from EMD
Millipore Corporation (Billerica, MA). International calibration extract ICE-3 and
DCHA-Iso ICS-13 standards were obtained from ASBC. Carboxymethylcellulose and
ethylenediaminetetraaceticacid were obtained from Sigma-aldrich (St. Louis, MO).
Ammonium hydroxide and ammonium ferric citrate were obtained from Fisher Scientific
(Fair Lawn, NJ).

3.3.2.2 HPLC analysis
The concentrations of hop acids and their derivatives in hops, wort, and beer samples
were determined using ASBC methods Hops-14, Beer-23E, and Wort-23C under
modified HPLC conditions on an Agilent 1200 HPLC.18 Prior to analysis beer and wort
was filtered through GHP Acrodisc® 13 mm syringe filters (Pall Corporation, East Hills,
NY) in order to degas and remove solid particulate. Analysis was performed using a 2.6
µm EVO C-18 100 Å 100 x 4.6 mm LC 143 column (Phenomenex, Torrance, CA) held at
40°C. 7 μL of each sample was injected and the elution was carried out using a flow rate
of 1.6 mL/min. The solvent gradient was as follows: 10% solvent A (reagent water): 90%
solvent C (75% MeOH, 24.5% H2O, 0.5% H3PO4) held for 5 min, then changed to 100%
solvent D (100% MeOH) over 5 min and held for 2 min, then returned to 10% solvent A:
90% solvent C over 2 min, for a total run time of 14 min. α- and β-acids were measured
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at 314 nm. Iso-α-acids and humulinones were measured at 270 nm. All samples were
injected in duplicate.

3.3.2.3 Beer and wort analysis
Physical properties of beer and wort such as density, extract, alcohol by volume
(%ABV), and residual extract (RE) were measured using the Anton Paar DMA 4500 M
(Anton Paar, Graz, Austria). Bitterness units were measured according to ASBC method
Beer-23A.18 Total polyphenols (TPP) were measured according to ASBC method Beer
35. Beer foam stability was measured according to the modified version of the European
Brewery Convention (EBC) 9.42 method used by Kunimune and Shellhammer.19 Foam
measurements were carried out using a modified version of EBC method 9.42. A
NIBEM-T meter was used, in conjunction with a Haffmans standard glass and Flasher
Head. Prior to dispensing, glasses were washed with hot water and Alconox, then soaked
in a solution of sodium tetraborate decahydrate (Borax) for 30 minutes, and thoroughly
rinsed with deionized water. The beers, that had been attemperated to 14°C, were
dispensed directly from 20L kegs pressurized with CO2 to 2 bar through a Haffmans
Inpack 2000 Flasher Head into the Haffmans standard glass (60 mm inside diameter, 120
mm inside height).
The foam-filled glass was placed in the NIBEM-T tester, and the NIBEM-T electrode
allowed the foam to decay 10 mm, then the decay time to reach 10, 20, and 30 mm from
this level was recorded as NIBEM-10, NIBEM-20, and NIBEM-30, respectively. Each
beer was run on the NIBEM-T five times, and the NIBEM-30 value was collected. Data
was collected on a single day, using storage-temperature beer (average ~14°C) and at
1006 mbar atmospheric pressure and 42-46% relative humidity.
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3.3.3 Lab scale utilization trials
12 L of un-hopped wort was collected from a 2 hL brew at the start of kettle boil in 2
L glass bottles, which were stored at 4°C until use. The wort was produced using 96%
Rahr Premium Pilsner malt (Rahr Malting, Shakopee, MN) and 4% Caramel Steam malt
(Great Western Malting, Vancouver, WA), and had an extract concentration of 13.33ºP.
For each individual replicate, 1.5 L of wort was gravimetrically added to a 5 L roundbottom flask, in addition to either pelletized hops (PH) or spent dry-hops (SH), and
outfitted with a distillation trap (Wilmad-LabGlass, Vineland, NJ) in order to minimize
evaporation during wort boiling. Three replicates of PH and 4 of SH were carried out; the
SH represented waste material from two separate production batches. Treatments were
allowed to boil for 60 minutes, at which point distillate from the trap was added back to
the round-bottom flask, and the round-bottom flask was cooled in an ice bath for 40
minutes to ~15ºC. Duplicate HPLC measurements on the PH, SH, and wort were made
on the day of each trial.

3.3.4 Pilot scale beer production
330 L of un-hopped wort was prepared using a basic recipe for a pale ale made with
100% Rahr Premium Pilsner malt (Rahr Malting, Shakopee, MN). The un-hopped wort
was then split into two batches for kettle boil, which were alternately bittered with a
single addition of SH or PH. Time from first hop strike to end of boil was 40 minutes in
both cases. After boiling, hot break was separated using a whirlpool, and the wort was
cooled, aerated, and fermented with ale yeast 1056 (Wyeast, Hood River, OR) at 20°C.
Extract concentrations prior to pitching yeast were 13.42 and 13.48 %w/w for the PH and
SH worts, respectively. After fermentation, beers were filtered using a plate and frame
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filter with diatomaceous earth impregnated filter pads (HS2000, Pall Corporation, Port
Washington, NY). Dissolved oxygen (DO) was monitored during filtration using an
Orbisphere 3100 Portable Oxygen Analyzer (Hach, Loveland, CO) and ranged from 1644 µg/L. Filtered beer was filled into standard kegs (15.5 gallons), and stored at 4°C
under 12 psi CO2.

3.3.5 Pilot scale dry-hopping
A portion of each beer (PH and SH) from the pilot scale trial was dry-hopped. Dryhopping was carried out based on the method established by Vollmer and Shellhammer.20
24 hours prior to dry-hopping, beer was removed from the cooler at 4°C, and 50 L of beer
was transferred into a modified 60 L stainless steel keg with a 4″ stainless steel opening
fitted with a standard Sankey D-system coupler and modified spear (Sabco, Toledo, OH,
U.S.A.). The beer was allowed to warm to approximately 15°C prior to dry-hopping.
Whole cone hops were ground into a hop grist which was placed into a mesh bag
(EcoBag, Ossining, NY), along with a stainless-steel fitting to ensure the hop charge sank
to the bottom of the keg. The bags were stored inside high barrier pouches flushed with
N2 until the dry-hopping event. For each dry-hop treatment, the keg was temporarily depressurized and opened under a stream of low-pressure CO2. Simultaneously, the high
barrier pouch was opened and the mesh bag containing ground hop grist was added to the
beer. After the addition, the headspace was flushed with CO2 and purged. After purging,
the keg was inverted three times to ensure proper mixing. During dry-hopping, treatments
were kept under 10psi CO2 in a temperature controlled room held at 15°C.
After 48 hours of dry-hopping, the beer was filtered in order to stop the dry-hopping
process. Filtration was carried out using diatomaceous earth impregnated cellulose pads
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(HS2000, Pall Corporation, Port Washington, NY, U.S.A.). Dissolved oxygen (DO) was
monitored during filtration using an Orbisphere 3100 Portable Oxygen Analyzer (Hach,
Loveland, CO). Bright beer was not collected until DO was below 100 µg/L. After DO
was within specification, bright, filtered beer was collected in a closed 19.6 L (1/6 US
bbl) stainless steel keg with sufficient backpressure to reduce foaming. Between each
filter run, filter pads were changed to prevent hops and beer carry-over from one
treatment to the next. Filtered beer was stored at 4°C and under CO2 overpressure (11-12
psi) until chemical analysis.

3.3.6 Sensory analysis
3.3.6.1 Tetrad test
Dry-hopped beers produced from PH and SH (PH+ and SH+) were evaluated by
sensory panelists in an unspecified tetrad test. Unspecified tetrad testing was chosen over
other unspecified difference tests (triangle, duo-trio) due to recent work which has shown
the tetrad to generally be more powerful, and require smaller sample sizes.21 The panel
consisted of 25 individuals, who ranged in age from 21-57, of which 20 were male and 5
were female. All panelists were self-identified beer drinkers. One hour prior to testing,
beer was dispensed from an eight-head draft system (MicroMatic, Northridge, CA) at
~1.5°C and 12psi into pitchers. ~60mL samples were then poured into 300mL glasses
and covered with plastic lids. Presentation order was randomized across panelists, each
sample was assigned a random, three-digit blind code, and data was collected using paper
ballots. Panelists were presented with four samples (two of each beer) and instructed to
smell then taste samples, and group them into two groups of two based on similarity.

89

3.3.6.2 2-Alternative forced choice
Beers produced from PH and SH were evaluated in a 2-alternative forced choice (2AFC) difference test. The panel was a subset of that in 3.6.1, and consisted of 20
individuals, covering the same age range, and including 15 males and 5 females.
Randomization, data collection, and serving of samples was carried out as described in
3.6.1. During testing, panelists were instructed to taste each beer, and select the one that
was more bitter.

3.3.6.3 Consumer sensory testing
All four beers (PH, SH, PH+, SH+) were subjected to consumer testing, which took
place in three-hour blocks at two locations: a local bar (Location A), and the taproom of a
local brewery (Location B). Combining both locations, 77 individuals aged 21-82
participated, of which 44 identified as male, 31 as female, and 2 preferred not to identify.
All consumers identified as beer drinkers: 35% reported daily consumption, 48% weekly
consumption, 13% every other week, 3% monthly, and 1% every other month.
Consumers were intercepted upon entering the testing sites, and asked if they would like
to participate in a study involving smelling, tasting and rating their liking of four beer
samples. All consumer data was collected on Asus Chromebook tablets using Qualtrics
survey software (Provo, UT). Beers were assigned random 3-digit blind codes, were
presented to panelists monadically, and presentation order was randomized across
panelists by Qualtrics. At both locations, beer was dispensed cold via modified ice-filled
coolers (“jockey boxes”) outfitted with ~15 meters (50 feet) of stainless steel piping
(internal diameter 0.25 inches), beer shanks, and beer faucets. Panelists were presented
with ~44mL (1.5oz) of each sample, which was served in 296 mL (10oz) plastic cups or
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148 mL (5oz) glass cups at locations A and B, respectively. For each sample, panelists
were asked to rate their aroma, overall, and bitterness liking on a 9-point hedonic scale,
and to fill in open-ended question asking what they liked or disliked about each beer.

3.3.5 Statistical analysis
Mixed model analysis of variance (ANOVA) with post-hoc means comparisons
(Tukey HSD), t-tests, and analysis of sensory difference test results were carried out
using XLStat (Addinsoft Inc.). All difference test analysis was carried out using
Thurstonian modeling, with binomial power functions, and d’ estimates were calculated
using the Clopper-Pearson method.

3.4 Results and discussion
3.4.1 Lab scale utilization trials
Prior to pilot scale brewing, lab scale utilization trials comparing the relative bittering
potential of spent dry-hops (SH) and pelletized hops (PH) were conducted in a model
wort. The quantity of hop material added was calculated using previously collected data
on PH and SH samples from the same brand of commercial beer, which indicated
average, as-is, α-acid content of 2% and 10.5% in the SH and PH, respectively, not
accounting for moisture content. Dosage was scaled in both cases to result in ~50ppm
iso-α-acids in the resulting wort assuming 30% utilization. Data collected on the α-acid
content of hop material on the day of the utilization trials indicated some deviation from
these historical averages, with the PH α-acid content being slightly lower, and SH being
slightly higher (Table 3.1).
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Table 3.1 Bitter acid composition of hop material and resulting wort in lab scale (1.5 L)
utilization trials
Hop pellets (PH)
Spent dry-hops (SH)
α-acid (%w/w)a
10.1 (2.4)
2.8 (3.2)
Hop material added (g)
2.2 (0.07)
11.4 (0.70)
Iso-α-acid (mg/L)b
43.7 (4.1)
61.3 (5.4)
b
Utilization (%w/w)
28.7 (2.6)
28.8 (3.0)
Reported values are means, and percentages in parentheses are coefficients of variation
(% cv)
a
aggregate means of two sets of duplicate solvent extractions
b
means of triplicate (PH) and quadruplicate (SH) utilization trials
The resulting worts contained an average of 44 and 61 mg/L iso-α-acid in PH and SH,
respectively. Utilization rates were then calculated on an overall basis using HPLC data
on the wort before and after boiling and the added hop material, in addition to the density
and mass of the cooled wort. Calculated utilization rates from both treatments ranged
from 28-30%, and were not found to be significantly different between PH and SH in a ttest (p = 0.915). Testing for practical equivalence of means using the “two-one-sided ttests” (TOST) approach showed that utilization rates could be considered practically
equivalent at a difference threshold of 2% (p = 0.014). Although these results provide
evidence that PH and SH have similar utilization rates, the authors caution against
extending these results beyond the experiment in question. Brewers who may be
interested in bittering with spent dry-hops would likely be best served by testing the
technique within their specific brewing operations. Additionally, the collection, storage,
and analysis of wet, spent hop material may require further investments in terms of labor,
electricity, and instrumentation, respectively, which could limit the practicality of dryhops re-use. Despite these caveats, the results do indicate that SH can potentially be used
in place of PH for bittering additions from the standpoint that they can supply iso-α-acids
to wort in a manner that is similar to PH.
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3.4.2 Pilot scale beer production
Data from the lab scale trials indicated practical equivalence of utilization rates of PH
and SH; however, this result was not obtained on the pilot scale (Table 3.2). It should be
noted that the pilot scale brews were not replicated, and so no statistical conclusions can
be drawn regarding differences in utilization rates or a lack thereof. Additionally,
whereas lab scale trials were conducted in round-bottom flasks, pilot scale brewing took
place on a steam-heated, 3hL system, which was equipped with an external calandria. As
in the lab scale trials, bittering additions were scaled such that similar quantities of αacids were added to the wort via either PH or SH, assuming equal utilization (Table 3.2).
Table 3.2 Bitter acid composition of hop material and wort from pilot scale (1.5 hL)
utilization trial
Hop material
Hop pellets (PH)
Spent dry-hops (SH)
a
α-acid (%w/w)
12.1
3.1
Total kettle addition (g)
116
490
Dosed α-acid (mg/L)
91.1
98.5
Iso-α-acid (mg/L)
19.3
26.8
Utilization (%w/w)
21.2
27.2
a
values are means of duplicate solvent extractions, standard deviation was less than 0.1%
w/w
The higher α-acid content in the SH and PH in pilot scale brewing relative to the lab scale
trials stem from a slight change in the local brewery’s recipe in terms of dry-hop
additions between these two experiments, which was taken into account when planning
the brews. Utilization rates were estimated using HPLC data on the added hop material
and resulting worts, combined with brew-day data on the volume, extract concentration,
density of wort before boiling, and the density and extract concentration of the cooled
wort. Pilot scale brews resulted in 19.3 and 26.8 mg/L iso-α-acid in the PH and SH worts,
and utilization rates of 21.2 and 27.2% respectively. One possible explanation for the
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divergence of these utilization results from those on the lab scale could be inhomogeneity
of the SH material. However, this seems unlikely given that the difference in α-acid
content between duplicate samples of SH taken on three separate occasions (two for lab
scale trials, one for pilot scale brewing) was consistently lower than 0.1% w/w. Jaskula et
al. observed better isomerization yields from a combination of non-isomerized hop
extract and spent kettle hop material (0.30 %w/w α-acids) than the extract alone on a
pilot scale, which supports our observation of a better utilization of SH relative to PH.22
Data previously collected on spent hops from the same brand indicate that an average of
roughly 75% of α-acids remained in the SH material relative to PH, accounting for
moisture, and thus adding SH and PH at similar α-acid addition rates leads to
considerably more vegetative material in the SH addition.
In terms of their chemical and physical properties, the two beers were nearly identical
(Table 3.3), with measured original extract (%w/w), alcohol by volume (%v/v), and
residual extract (%w/w) all falling within 0.1% between the PH and SH beers. Foam
stability, expressed as Nibem-30, or the time it takes for the foam to collapse 30mm from
a set point, and total polyphenol content also showed only minute differences between the
two beers. A slight decrease in iso-α-acid content was observed in both finished beers,
which is a well-known consequence of fermentation23, resulting in 18 and 23 mg/L iso-αacids and 29 and 34 bitterness units in PH and SH beers, respectively. Compositional data
on the pilot scale beers showed that aside from bitterness, the beers were nearly identical,
suggesting that there were no negative consequences on fermentation performance with
the use of SH, and that SH may be an effective substitute for PH in the brew-kettle.
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Table 3.3 Compositional comparison of beers produced from hop pellets and spent dryhops
Kettle addition
Hop pellets (PH)
Spent dry-hops (SH)
Original extract (%w/w)
13.42
13.48
Alcohol (%v/v)
5.87
5.90
Residual extract (%w/w)
4.80
4.80
Bitterness units
29
34
Iso-α-acid (mg/L)
18
23
a
Total polyphenols (mg/L)
214
217
Nibem-30b (s)
291
287
a
means of sample duplicates, standard deviation ranged from 4-7 mg/L
b
means of quintuplicate measurements, standard deviation ranged from 11-17 seconds,
temperature of measurements averaged 14.7°C with 7.5% coefficient of variation

3.4.3 Sensory difference testing
Due to the measured differences in quantities of bittering compounds between the PH
and SH beers that were mentioned in the previous section, beers were subjected to
sensory difference testing prior to consumer sensory testing. Dry-hopped versions of PH
and SH (PH+ and SH+) were evaluated for difference by the unspecified tetrad test. This
test was carried out using the dry-hopped beers with the assumption that potential
differences between PH and SH would be obfuscated to some extent by dry-hopping, and
therefore that panelists would be less likely to detect a sensory difference between PH+
and SH+ than between PH and SH beers. Of the 25 individuals who participated, 80%
correctly grouped the samples, which provided significant evidence of a sensory
difference (p<0.0001) (Table 3.4). Many of the panelists also suggested that the SH+ beer
was more bitter, which was in line with analytical measurements previously described.
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Table 3.4 Unspecified tetrad and 2-AFC test results
Unspecified
Test
tetrada
Number of panelists
25
Guessing probability
1/3
Proportion of correct answers (%)
80
p value
< 0.0001
a
test was run on dry-hopped beers PH+ and SH+
b
test was run on PH and SH (not dry-hopped)

2-Alterantive forced
choice (2-AFC)b
20
1/2
85
0.001

Based on this feedback, a 2-alternative forced choice (2-AFC) test was carried out using
the base PH and SH beers, in which panelists were asked which sample was more
intensely bitter. Of the 20 panelists, 85% identified the SH beer as more bitter, providing
significant evidence of a difference between the two products (p = 0.001). These tests
revealed that the PH and SH beers produced on a pilot scale were significantly different,
and that the difference was related to the higher concentration of bitter compounds in the
SH beer, which was confirmed analytically via BU and iso-α-acid testing. Although this
result was not ideal from the perspective of proving the hypothesis that identical beers
could be produced with kettle additions of SH in lieu of PH, it opened an interesting
opportunity to subject these beers to consumer sensory testing.

3.4.4 Consumer sensory
Given that the SH performed in a similar manner to PH on both the lab and pilot scale
in terms of utilization, and that the beers produced were significantly different from an
organoleptic perspective, all four beers (PH, SH, PH+, SH+) were subjected to consumer
sensory testing. The goal of this testing was to see whether the use of spent hops for
bittering would have an impact on consumer liking in terms of the aroma and bitterness
quality of the beer, in addition to overall liking. Hedonic testing using a 9-point scale
(Table 3.5) was chosen over several paired preference tests on dry-hopped and non-dry-
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hopped treatments given research that has shown that consumers often report preferences
when testing two identical products;24 although the products were found to be statistically
different in this study, paired preference tests could prove misleading.
Table 3.5 Category phrases and corresponding ratings of the 9-point hedonic scale
Scale value
9
8
7
6
5
4
3
2
1

Category phrase
Like extremely
Like very much
Like moderately
Like slightly
Neither like or dislike
Dislike slightly
Dislike moderately
Dislike very much
Dislike extremely

A wide range of consumer liking of the products was observed (Figure 3.1) with
nearly all of the attributes of all products receiving ratings ranging from 2 (dislike very
much) to 9 (like extremely). Means across all attributes for all samples ranged from 5.61
to 6.18, and the median of every sample-attribute combination was 6 (like slightly).
Analysis of variance (ANOVA) with a mixed model including panelist as a random effect
and sample as a fixed effect was carried out for all three attributes (Table 3.6).
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Figure 3.1 Boxplots of consumer aroma, overall, and bitterness liking of beers bittered
with pelletized hops (PH), spent dry-hops (SH) and dry-hopped PH and SH beers (PH+,
SH+)
Table 3.6 Analysis of variance table for consumer data
Aroma liking
Overall liking
Source Type
DF F-statistic
F-statistic
Panelist Random 76 2.7
2.0
Sample Fixed
3
0.8
0.4
Error
223
F-statistics with p < 0.05 are bolded

Bitterness liking
F-statistic
1.6
0.3

Significant panelist effects were found for all three liking attributes, and no significant
sample effects were uncovered. This result indicates that while none of the four samples’
liking ratings on any attributes were statistically different overall, liking ratings in general
depended upon the panelist. This stands to reason, given the wide range of beer styles
available to consumers, and the resulting wide range in particular preferences among
consumers. While these data do not show differences between hedonic impressions of the
samples, they do suggest that there were no striking defects or other organoleptic
properties of the SH beers that would keep consumers from accepting a SH bittered beer.
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3.5 Conclusions and implications

Spent dry-hops can be re-used in the brew kettle to supply hop bitterness in beer in a

manner that is equally or more efficient than pelletized hops from a utilization
perspective. Lab scale utilization trials in unhopped wort showed practical equivalence αacid utilization between pelletized hops and spent dry-hop material collected from a local
brewery. Pilot scale brewing (~160 L) yielded better utilization of spent dry-hops relative
to pelletized hops, although brews were not replicated, so no statistical testing could be
performed, and this difference may be attributed to process factors beyond the scope of
the present study. From a sensory perspective, although the spent dry-hop bittered beers
were significantly more bitter, no consumer preference was found in terms of aroma,
overall, or bitterness liking between the two sets of beer. Taken together, these results
indicate that spent dry-hops are a promising alternative to pelletized hops from both a
brewing process and organoleptic perspective.
Given the near doubling in American craft brewers’ hopping rates over the past
decade, and the rise to prominence of hop-forward beer styles which require considerable
quantities of dry-hops, 6 brewers are increasingly needing to investigate potential
methods for dry-hops waste management. Additionally, the resource-intensive nature of
hop production in terms of water and energy in irrigation and the use of fossil fuels for
preservation of hop material via kiln-drying, respectively, indicate potential
environmental benefits associated with more efficient use of hop material. Further, beer
consumers have been reported to be willing to pay more for sustainably brewed beer25,
and the replacement of pelletized hops with spent dry-hops may provide brewers with
considerable cost savings. Of course, the potential benefits of dry-hops upcycling may be
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precluded by energy consumption if the hop material needs to be stored under
refrigeration for long periods of time before use, and may not be possible due to complex
logistics and planning involved in large scale breweries. Therefore, further research may
be needed on storage stability of spent dry-hops or possible methods of preservation.
Nonetheless, the re-use of spent dry-hops for bittering is a promising new technique, and
may provide an opportunity, particularly for smaller-scale brewers, to create novel new
products while cutting costs, and potentially lowering their environmental impact.
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4.1 Abstract

The prevalence of dry-hopping and the growing demand for hop-forward beers have

driven substantial research into the factors that influence aroma extraction during dryhopping. In order to achieve maximum aroma yield, one common hopping practice used
in the industry is to add dry-hops to beer in multiple lower doses, instead of a single,
high-dose hop charge. The actual efficacy of this process has not been tested, and the
goal of this study was therefore to compare the compositional and organoleptic properties
of beers alternately produced by single or two-stage dry-hopping at the same cumulative
rate on both the pilot and commercial scale. On the pilot scale (80-100 L), a filtered, unhopped base beer was subjected alternately to single- or two-stage dry-hop additions at
rates of 386, 772, and 1544 g/hL using Centennial hops; commercial beers (~350 hL
batch size) from a regional brewery were dry-hopped at a cumulative rate of 733 g/hL in
single or two-stage additions using a combination of Amarillo, Simcoe, Cascade, Citra,
and CTZ. Pilot scale dry-hopped beers showed increases in residual extract, pH,
bitterness units, humulinones, and total polyphenols, accompanied by a decrease in iso-αacids, with increasing dose. Changes in bitterness units, humulinone, and iso-α-acids all
appeared to be more pronounced in the two-stage dry-hopped beers. In contrast,
commercial beers were nearly identical in terms of chemical composition. A trained
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panel was used to scale six aroma attributes among the pilot scale dry-hopped beers, and
significant increases in all six of the aroma attributes were observed with two-stage dryhopping relative to single additions at the same cumulative hopping rates. Slight
increases in aroma potential were observed for the commercial beer made with two-stage
additions, although these differences were not statistically significant. Taken together
these results illustrate the impact multi-stage hopping additions have on dry-hop aroma
potential and provide direction to the industry to consider whether multi-stage dryhopping may yield desirable results in their breweries, given the potential to achieve
similar or higher aroma yield using less hop material.

4.2 Introduction

In roughly the past decade, the number of American craft breweries has more than

tripled, and India Pale Ale (IPA) production has increased nearly tenfold.1 The meteoric
rise of this notably hop-forward style has coincided with a shift in the American hop
growing industry towards majority production of aroma hops, and a near doubling of
American craft brewers’ self-reported hopping rates.1-2 Dry-hopping (a process by which
brewers add hops to partially or fully fermented wort at low temperature), has been
widely adopted by American craft brewers as a technique to impart complex and intense
hoppiness to beer, and is often utilized in producing hoppy beer styles such as the IPA.3
Given the intense competition within craft beer, and the intricate relationship between
beer production practices and organoleptic outcomes in the final product, extensive
research has been carried out on the effect of a number of dry-hopping parameters on the
flavor and aroma of beer. Researchers have variously looked into the effect of contact
time, temperature, mechanical agitation, hop variety, hop harvest maturity and post-
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processing (kilning), yeast enzymatic activity, addition method, and scale on the
chemistry and flavor of dry-hopped beer.3-13
Regardless of the finer details of a dry-hopping process, all brewers must decide how
to add hops in a way that maximizes aroma output, while efficiently using hops and
associated labor from an economic perspective. Recently, Lafontaine & Shellhammer
investigated the impact of hop addition rate on a number of chemical and aroma
properties of statically dry-hopped beers produced on a pilot (80 L) scale.14 They
observed an increase in pH, residual extract, bitterness unit (BU), and humulinone
content of beers as dry-hopping rate increased. From the organoleptic perspective, the
overall hop aroma intensity (OHAI) of dry-hopped beer, as measured by a trained
descriptive analysis panel, appeared to be non-linear with respect to dosage, and
diminishing returns were observed when beers were dry-hopped above 800 g/hL. An
increase in OHAI was accompanied by increases in various hop derived terpene alcohols,
esters, aldehydes, and mono- and sesquiterpene hydrocarbons, which tended to have
lower extraction rates on a mass-to-mass basis as hop dosage was increased. Increases in
herbal relative to citrus aroma character were also observed when dry-hopping rates
exceeded 800 g/hL. The results of this study contradict the simple assumption that more
dry-hops lead to more hop aroma and flavor, and suggest that there is some saturation
limit in every dry-hopping system with regards to the maximum aroma potential
achievable by dry-hopping. Additionally, diminishing returns in terms of both aroma and
hop volatiles point to the potential for dry-hops to be better utilized.
One simple method often used by brewers in an effort to achieve better hop aroma
utilization (although untested in the literature) is to divide large dry-hop doses into
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multiple smaller additions. Conceptually, during dry-hopping, hop volatiles diffuse out of
the lupulin and into the beer matrix until an equilibrium concentration is reached, which
is proportional to the concentration gradient between the lupulin and beer, and the surface
area available for transfer (according to Fick’s law of diffusion). The limitation of surface
area is particularly impactful when hops are added in bags, which may limit the
interfacial contact area between beer and hops. This limitation may also be an issue when
dry-hopping in cylindro-conical vessels (CCVs), because once hop material is added, it
may settle in the cone at the bottom of the CCV (depending on hop form and pellet
density), where the beer matrix has limited access to the lupulin for mass transfer.
Therefore, it may be possible to expose more surface area for diffusion by using multiple
smaller hop additions relative to a single, large addition, and achieve a final equilibrium
that is higher in hop aroma than a single large addition. Some brewers introduce
occasional mixing or rousing during dry-hopping, in order to increase aroma utilization,
but these techniques may have unintended consequences in terms of aroma quality,
bitterness quality, and astringency, and can also be challenging to implement.4
The objectives of this study were therefore to assess the chemistry and aroma of 1)
pilot scale (80-100 L) dry-hopped beers dosed with single or two-stage additions of
ground whole cone, Centennial hops at cumulative addition rates of 386, 772, and 1544
g/hL (1, 2, and 4 lb/bbl) and of 2) commercial scale (~350 hL) beers dosed with single or
two-stage additions of a mixture of five varieties of pelletized hops (Amarillo, Simcoe,
Cascade, Citra, CTZ) at a cumulative addition rate of 733 g/hL.
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4.3 Materials and methods
4.3.1 Pilot scale beers
4.3.1.1 Hops collection
A single 10 lb (4.5 kg) mini-bale of whole cone Centennial hops was obtained from
Crosby Hop Farms (Woodburn, OR). Upon receipt at Oregon State University (OSU),
hops were stored in a nitrogen atmosphere within high-barrier foil pouches for the
duration of the study at -20ºC.

4.3.1.2 Beer production
In order to simulate a yeast-free dry-hopping system, an un-hopped beer was
produced by a commercial brewery in Portland, Oregon (BridgePort Brewery). 48 hL of
un-hopped wort was prepared with 86.2% pale two row, 13.3% Caramel 10°L, and 0.5%
Caramel 120°L malt (Great Western, Vancouver, WA). The starting extract concentration
in the un-hopped wort was 10.6°Plato. Fermentation was carried out with BridgePort
Brewing Company’s house yeast strain at 67-68ᴼF. Following fermentation and postclarification, iso-α-acids (IsoHop, John I Haas, Yakima, WA) were added at a target
concentration of 18 mg/L. This resulted in a 4.4% alcohol by volume (%ABV) unhopped base beer. Beer was carbonated and packaged into 60 L stainless kegs, shipped to
OSU, and held at 4°C until dry-hopping.

4.3.1.3 Pilot scale dry-hopping
The dry-hopping method used in this study was based on one established by Vollmer
and Shellhammer,15 which has been shown to be reproducible and reduce the variation
between treatments on a pilot scale. 24 hours prior to dry-hopping, un-hopped beer was
removed from the 4°C cooler , and either 40 L (for single-stage) or 50 L (for two-stage)
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of beer was transferred into two modified 60 L stainless steel kegs with a 4″ stainless
steel opening fitted with a standard Sankey D-system coupler and modified spear (Sabco,
Toledo, OH, U.S.A.). The beer was allowed to warm to approximately 14°C prior to dryhopping.
Dry-hopping was carried out at cumulative addition rates of 386, 772, and 1544
kg/hL (1, 2, and 4 lb/bbl), with each dosage level carried out in both single and two-stage
additions. The 386 g/hL by two additions (193+193) treatment was replicated, yielding
seven treatments in total. Whole cone hops were ground into a hop grist which was
placed into two mesh bags (EcoBag, Ossining, NY), along with a stainless-steel fitting to
ensure the hop charge sank to the bottom of the keg. The bags were stored inside high
barrier pouches flushed with nitrogen until the dry-hopping event. Approximately 150g
of each hop sample was set aside for chemical analysis, which was carried out concurrent
with the pilot scale dry-hopping. For each dry-hop treatment, the two kegs were
temporarily de-pressurized and opened under a stream of low-pressure CO2.
Simultaneously, the high barrier pouch was opened and the mesh bag containing ground
hop grist was added to the beer. After the addition, the headspace was flushed with CO2
and purged. After purging, the kegs were inverted three times to ensure proper mixing.
During dry-hopping, treatments were kept under 10psi CO2 in a temperature controlled
room, and beer temperature during dry-hopping ranged from 13.2-14.2°C across all
treatments. The seven treatments were dry-hopped over two separate four-day periods
within a total time-frame of twelve days from start to finish of all treatments. All single
and two-stage additions at the same cumulative rate were carried out during the same
four-day period, and the 386g/hL, two-stage treatments were produced during both four-
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day periods, in order to gauge day-to-day variability in the two-stage process. All
treatments kegs were inverted once every 24 hours.
After 48 hours of dry-hopping, 80 L of each two-stage treatment was blended via a
three way fitting and transferred into two new 60 L modified kegs, which were
subsequently dry-hopped according to the method described above. After 96 hours of
cumulative dry-hopping contact, all treatments were filtered in order to stop the dryhopping process. Although Wolfe and Shellhammer4 showed that the extraction of key
hop volatiles occurred within 24hr during dry-hopping, contact time was extended in this
study in order to allow for two-stage treatments, and also to more closely mirror industry
practice. During filtration the two kegs were blended via a three-way fitting prior to
entering a plate and frame filter using diatomaceous earth impregnated cellulose pads
(HS2000, Pall Corporation, Port Washington, NY, U.S.A.). Dissolved oxygen (DO) was
monitored during filtration using an Orbisphere 3100 Portable Oxygen Analyzer (Hach,
Loveland, CO). Bright, filtered beer was collected in a closed 19.6 L (1/6 US bbl)
stainless steel keg with sufficient backpressure to reduce foaming. Final DO ranged from
30-82 µg/L, aside from one treatment which contained 120 µg/L. Between each filter run,
filter pads were changed to prevent hops and beer carry-over from one treatment to the
next. Filtered beer was stored at 4°C and under CO2 overpressure (11-12 psi) until
chemical and sensory analysis.

4.3.2 Commercial scale beers
Samples of a dry-hopped Double India Pale Ale were obtained from a regional craft
brewery, and consisted of two replicate sets of beer that were alternately dry hopped via
single or two stage dry-hop additions. The four beer samples comprised separate ~350 hL
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(300 US BBL) production batches. All beers were dry-hopped with a mixture of
pelletized hops of the varieties Amarillo, Simcoe, Cascade, Citra, and CTZ at a
cumulative rate of 733 g/hL. Dry-hopping took place at 20°C over the course of 12 and
14 days (after which beers were cold-crashed), with two-stage additions made 3 and 5
days after the onset of dry-hopping in replicate sets 1 and 2, respectively. After
production was complete, beers were filled into 19.6 L (1/6 US BBL) stainless steel kegs,
and shipped to OSU. All beers were stored at 4°C and under 12 psi CO2 until chemical
and sensory analysis.

4.3.3 Hop & beer analysis
4.3.3.1 Reagents and standards
HPLC-grade methanol was obtained from VWR International, BDH analytical (West
Chester, PA, USA). Phosphoric acid and 2,2,4-trimethylpentane were obtained from
Avantor Performance Materials (Center Valley, PA). Ethyl ether and hydrochloric acid
were obtained from EMD Millipore Corporation (Billerica, MA). International
calibration extract ICE-3 and DCHA-Iso ICS-13 standards were obtained from ASBC.
Carboxymethylcellulose and ethylenediaminetetraaceticacid were obtained from SigmaAldrich (St. Louis, MO). Ammonium hydroxide and ammonium ferric citrate were
obtained from Fisher Scientific (Fair Lawn, NJ).

4.3.3.2 Beer and hop analysis
The concentrations of hop acids in hops and beer samples were determined using
ASBC methods Hops-14 and Beer-23E under modified HPLC conditions on an Agilent
1200 HPLC.16 Prior to analysis beer was degassed via filtration through GHP Acrodisc®
13 mm, Pall Corporation (East Hills, NY) syringe filters. Analysis was performed using a
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2.6 um EVO C-18 100 Å 100 x 4.6 mm LC 143 column (Phenomenex, Torrance, CA)
held at 40°C. 7 μL of each sample was injected in duplicate and the elution was carried
out using a flow rate of 1.6 mL/min. The solvent gradient was as follows: 10% solvent A
(reagent water): 90% solvent C (75% MeOH, 24.5% H2O, 0.5% H3PO4) held for 5 min,
then changed to 100% solvent D (100% MeOH) over 5 min and held for 2 min, then
returned to 10% solvent A: 90% solvent C over 2 min, for a total run time of 14 min. αand β-acids were measured at 314 nm. Iso-α-acids and humulinones were measured at
270 nm. Humulinone concentrations were estimated using the response factor for iso-αacids and historical retention data.14 Bitterness units (BU) and total polyphenols (TPP)
were measured on a Shimadzu Pharmaspec UV-1700, in accordance with ASBC methods
Beer-23A and Beer-35, respectively.16 Total hop essential oil (mL/100g) was determined
by hydrodistillation according to ASBC method Hops-13. Moisture content of hops was
measured using ASBC method Hops-4a.

4.3.4 Sensory descriptive analysis
4.3.4.1 Pilot scale beers
The orthonasal aroma of the experimental beers was scaled by 14 trained panelists,
who were selected based on prior participation in sensory analysis studies conducted by
our lab group. The panel consisted of five females and nine males, who ranged in age
from 21-54 years, and all reported frequent consumption of beer. Prior to data collection,
six one-hour training sessions were conducted during which panelists were exposed to
experimental treatments, internal reference beers, and external aroma reference standards
such as fruit, hops, and mixtures of hop volatiles diluted in propylene glycol. During
these training sessions, panelists developed and agreed upon a lexicon to describe
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differences between the treatments, agreed upon intensity ratings for internal reference
beers, and gained experience scaling the aroma attributes of both the internal references
and experimental beers.
The final sensory ballot was developed based on panel discussion and prior
descriptive analysis carried out by our lab group14, 17-18, and included the attributes overall
hop aroma intensity (OHAI), citrus, herbal/tea, tropical/catty, tropical/fruity, and
pine/resinous/dank, which were scaled from 0-15 based on intensity (Table 4.1, 4.2). The
ballot additionally included consensus intensity scores for these attributes in four
reference beers: the un-hopped base beer, Sierra Nevada Pale Ale (Sierra Nevada
Brewing Co., Chico, CA), All Day IPA (Founders Brewing Co., Grand Rapids, MI), and
Joe IPA (Ten Barrel Brewing Co., Bend, OR).
Table 4.1 Consensus intensity scores for reference beers used in descriptive analysis
Consensus score (0-15)
Attribute
Un-hopped
Sierra Nevada Pale
All Day
Joe IPAb
base
Ale
IPA
a
OHAI
0
4-5
10-11
Citrus
0
3
6
Herbal/tea
0
3-4
1-2
Tropical/catty
0
0-1
2-3
7-8
Tropical/fruity
0-1
1-2
6-7
Pine/resinous/dank
0
0-2
4-5
a
Overall hop aroma intensity
b
Joe IPA was used only as a reference for the tropical/catty attribute
Table 4.2 Descriptions of aroma attributes used for descriptive analysis
Attribute
Description
OHAIa
Combined hop aroma intensity, must be the highest rated attribute
Citrus
Lemon, orange, grapefruit, mandarin peel or juice
Herbal/tea
Grassy, green, Lipton tea powder, hay/straw
Tropical/catty
Guava, mango, passionfruit, catty/sweaty
Tropical/fruity
Pineapple, banana, pear
Pine/resinous/dank Coniferous, tree sap, hop resin/oil, marijuana
a
Overall hop aroma intensity
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During each data collection session, panelists evaluated all seven of the experimental
treatments, in addition to an un-hopped blank, after completing a warm-up during which
they were asked to match a blind coded sample to one of the reference beers.
Approximately one hour prior to data collection, beer was dispensed from an eight-head
draft system (MicroMatic, Northridge, CA) at ~1.5°C and 12psi into pitchers. ~60mL
samples were then poured into 300mL glasses, covered with plastic lids, and allowed to
warm to roughly 23°C. Four replicate sessions were conducted during which panelists
scaled attribute intensities using a sliding scale (with the ends anchored at 0 and 15)
presented on Asus Chromebook tablets using Qualtrics (Provo, UT). The data collection
software was also used to randomize sample presentation order across panelists. Each of
the eight samples were assigned different 3-digit blind codes for each session.

4.3.4.2 Commercial beers
Descriptive analysis of the commercial beers was carried out using the same ballots
and a subset of the aroma attributes that were used for the pilot scale beers. Given that the
commercial beer had a different aroma profile than the pilot scale beers, panelists felt that
removal of the tropical/catty attribute and the use of resinous instead of
pine/resinous/dank would allow them to better describe the aroma qualities of the
commercial beers. The panel consisted of a subset of panelists used for the pilot scale
beers, and was made up of five females and seven males, covering the same age range.
Each panelist evaluated the set of four commercial beer samples during three replicate
sessions, and were provided with the same four external references previously described.
All serving, randomization, and data collection protocols were the same as described in
the previous section.

112

4.3.5 Statistical analysis
Mixed model analysis of variance (ANOVA) with post-hoc means comparisons
(Tukey HSD), panel analysis via within-panelist ANOVA, t-tests, and principal
component analysis (PCA) were carried out using XLStat (Addinsoft Inc., Boston MA).

4.4 Results and discussion
4.4.1 Composition of pilot scale beers
Due to the availability of dry-hopping equipment, treatments were produced in two
batches, resulting in four separate days on which beer was dry-hopped. Hops had an
average moisture (%w/w, wet basis), total oil (mL/100 g, dry basis), α-, and β-acid
(%w/w, dry basis) content of 11%, 2.85 mL/100 g, 10.3%, and 3.2%, respectively.
Coefficients of variation across the four days ranged from 2-3.5% for these four
compositional properties. This result indicates minimal differences in these properties,
which suggests that there were minimal differences in aroma potential of the hop material
over the course of the study. In order to minimize this effect, all single- and two-stage
additions at the same cumulative rate were produced within the same batch, with the
exception of the 386g/hL by two-stage treatments, which were replicated across batches.
Alcohol by volume (%ABV) was unchanged by dry-hopping, and averaged 4.41%,
with a coefficient of variation of 0.32% across the seven treatments and the control beer.
In-keg dissolved oxygen (DO) content of the experimental beers was low, ranging from
30-81 µg/L, with the exception of the replicate two-stage, 386 g/hL treatment, which
measured 120 µg/L. Iso-α-acid, humulinone, and total polyphenol (TPP) content and
bitterness units (BU) of the experimental beers and control were plotted as a function of
dry-hop dose (Figure 4.1). A slight decrease in iso-α-acid content accompanied by an
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increase in humulinone content and BU was observed as a result of dry-hopping. These
effects appeared to be tied to dosage, and more pronounced with two-stage additions.
Additionally, an increase in TPP content was observed when dry-hops were added at
cumulative dosage rates exceeding 386 g/hL. These findings support earlier studies which
have shown dose-proportional increases in the concentration polyphenolic compounds in
beer as a result of dry-hopping.13, 19 The impact of single versus two-stage hop addition
on TPP was not as clear, with only slight differences observed between the two hopping
methods. The loss of iso-α-acids as a result of dry-hopping has been reported by Parkin &
Shellhammer, and Maye & Smith, although it was not observed by Lafontaine &
Shellhammer (a study with a very similar design to the one presented in this paper).14, 1920

Figure 4.1 Iso-α-acid (circles), humulinone (squares), bitterness units (triangles), and
total polyphenols (diamonds) in control (gray symbols), single (black symbols), and twostage (open symbols) dry-hopped pilot scale beers as a function of cumulative hop
addition rate
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Although the loss of iso-α-acids may or may not be desirable to the brewer, depending on
product expectations, overall beer bitterness may increase due to dry-hopping. This is due
in a large part due to the extraction of humulinones and polyphenols, which have been
shown to increase the perceived bitterness of dry-hopped beers.19 Humulinones are likely
the main compounds that compensate for the loss of iso-α-acid bitterness in dry-hopped
beers, and have been shown to be roughly 66% as bitter, and to play an important role in
bitterness perception of hoppy beers.21-22
The beers’ residual extract, pH, color, and haze were also measured (Table 4.3) and
showed a narrow range of values. Residual extract increased with dry-hopping rate, and
was only slightly different between single- and two-stage additions. This trend is
expected and well documented, as hops contain small quantities of soluble solids such as
carbohydrates and minerals, and more of these constituents are transferred to beer as dryhopping rate increases.14, 23-24
Table 4.3 Composition of single and two-stage dry-hopped pilot scale beers
Blank/control
Single addition
Two-stage addition
Rate (lb/bbl)
0
386
772 1544 386 386 772 1544
Iso-α-acids (mg/L)
18.5
17.0 16.6 17.2 17.0 16.9 14.0 13.5
Humulinones (mg/L)
n.d.a
4.0
6.9
8.0
4.3 4.7 7.4 10.5
Bitterness units (BU)
23.0
27.0 31.0 35.5 28.5 28.5 33 38.5
Total polyphenols
200
203
231 283 192 197 229 295
(mg/L)b
Residual extract
3.89
3.97 4.07 4.26 3.98 3.97 4.06 4.24
(%w/w)
Color (ASBC)
8.47
8.70 8.90 9.11 8.73 8.67 8.74 9.01
Haze (ASBC)
64
91
125 128
92
96
90
114
pH Value
4.49
4.56 4.49 4.72 4.58 4.65 4.51 4.67
a
not detected
b
means of duplicate subsamples, standard deviations ranged from 1-6 mg/L
In general, dry-hopping resulted in a higher pH relative to the control beer, although
the 772 g/hL treatments tended to be lower than the other two dosage levels. An increase
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in pH with dry-hopping has also been documented in the literature, and may lead to an
increase in the bitterness perception of beer.14, 25 A moderate increase in color was also
observed as a result of dry-hopping, liking owing to the transfer of various hop
compounds to the beer matrix as seen in the increasing RE, although it is unlikely that
this increase is perceivable by the human eye. An increase in beer haze was also observed
with dry-hopping which may be a result of the extraction of polyphenolic haze
precursors.26 Taken together, these data highlight that hop dosage clearly has an impact
on beer chemistry and physical properties but that the effect of single versus two-stage
addition is small, in general.

4.4.2 Composition of commercial scale beers
The same compositional data which was collected on the pilot scale beers was also
collected on the commercial scale (~350 hL) beers (Table 4.4).
Table 4.4 Composition of single and two-stage dry-hopped commercial beers
Replicate group
1
2
Addition regime
Single Two-stage Single Two-stage
Humulinones (mg/L)
18.2
18.3
16.4
18.0
Iso-α-acids (mg/L)
32.1
34.5
33.0
32.7
Bitterness units (BU)
69
71
71.5
74
a
Total polyphenols (mg/L)
395
439
411
433
Alcohol (% v/v)
7.75
7.80
7.63
7.61
Residual extract (% w/w)
4.82
4.79
4.94
4.93
Starting extract (% w/w)
16.32
16.37
16.26
16.22
Color (ASBC)
6.30
6.20
7.27
7.18
Haze (ASBC)
54.92
28.67
102.14
96.62
pH
4.78
4.79
4.87
4.81
a
means of duplicate subsamples, standard deviation ranged from 1-7 mg/L
Within replicate sets, the beers were nearly identical in terms %ABV, residual
extract, color, and pH. Slight differences can be seen between single and two-stage dry-
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hop additions in terms of iso-α-acids, humulinones, total polyphenols, and BUs, which
generally mirror the results seen for the pilot scale beers.

4.4.3 Sensory analysis of pilot scale beers
4.4.3.1 Panel analysis
Preliminary analysis of the full data set indicated significant evidence of a sample
effect for all six attributes between the seven treatments. As part of an analysis of overall
panel performance, panelists were screened based on their ability to discriminate on at
least one attribute among the seven treatments, and their lack of sample*session
interactions on more than half of the descriptors. This resulted in the removal of six
panelists from the data set, and all further analysis was carried out using the remaining
eight panelists, which has been established by the literature as a sufficient number of
panelists to give a stable result.27 In order to assess panel performance, descriptive
analysis data on the seven treatments and the un-hopped base beer was analyzed using a
mixed model ANOVA with the factors sample, panelist, session, and all corresponding
two-way interactions (Table A.1). Panelist was treated as a random effect, and sample
and session were considered fixed effects.
The output of the ANOVA yielded a significant sample effect for every attribute,
indicating that panelists could effectively discriminate between the samples using the
established aroma attributes. Significant panelist effects were also seen across attributes,
which is expected in sensory analysis, and arises because average intensity scores within
a panelist tend to depend on the panelist giving the score. Significant panelist*sample
interactions were found for the attributes citrus, tropical/catty, tropical/fruity, and
pine/resinous/dank, which is also a typical result, and indicates that the scores for an
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individual sample depended on the panelist giving the score.14, 17 The lack of significance
for this interaction in the attributes OHAI and herbal/tea indicates that the panelists had
very good agreement on how to scale these attributes, and that the score for an individual
sample did not depend on which panelist was providing the score. For the tropical/catty
and tropical/fruity attributes, significant session*panelist interactions were observed,
which indicates that the scores of these attributes for a given panelist depended on
session, and may arise from day-to-day variation in the sensory acuity of panelists, or
potentially the presentation order a panelist was exposed to on a given day. Lastly, a
significant sample*session effect was only seen in the pine/resinous/dank attribute. This
interaction is undesirable as it indicates that the score for an individual sample depended
on the session. Overall, the panel was able to effectively scale OHAI, citrus, and
herbal/tea within the sample set, while there was some difficulty with tropical/catty,
tropical/fruity, and pine/resinous/dank. Nonetheless, the differences among samples
accounted for a significant proportion of the variation in the dataset across all six
attributes.

4.4.3.2 The effect of dosage and single versus two-stage additions
In order to visualize how each attribute score responded to dosage and single versus
two-stage addition regimes, least-squared means for each sample were plotted as a
function of cumulative dosage rate (Figure 4.2). In general, increasing hop dosage
resulted in increased aroma intensity within addition regimes, with 386 g/hL treatments
having lower intensity than 1544 g/hL treatments within single and two-stage addition
regimes across attributes. The evidence of positive correlation between aroma intensity
and hopping rate between 772g/hL to 1544 g/hL was less clear, with these two levels
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typically falling within the same groups within addition regimes across attributes. This
suggests that there may be diminishing returns when hopping rates are above 772 g/hL,
or that the hop volatiles driving these aroma attributes may reach saturation at 772g/hL.
Additionally, it appears saturation may be more easily reached via two-stage additions.
The data also revealed significant differences between the 386 g/hL addition rate by twostage replicates. It is expected that this difference resulted because the dissolved oxygen
content of the lower-aroma beer (120 µg/L) was nearly double that of the higher-aroma
beer (62 µg/L). For this reason, the lower-aroma sample was omitted from further
statistical analysis.

Figure 4.2 Least squared means of aroma intensity ratings from descriptive analysis of
control (gray circles), single (black symbols), and two-stage (open symbols) dry-hopped
pilot scale beers as a function of cumulative hop addition rate
Given the lack of evidence for sample*session interactions across attributes (with the
exception of pine/resinous/dank, which was near the threshold of p < 0.05 at p = 0.046),
aroma intensity scores were averaged across replicates. Sample effects were partitioned
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into a dose effect, a stage effect, and a dose*stage interaction term, which were tested
against an error term containing the panelist*sample interaction (Table A.2). The
intensity scores across attributes had a significant dependence on both the hop addition
rate, and whether hops were added in one or two stages. The lack of significance of the
dose*stage interaction term indicates that the relationship between aroma attributes and
dosage was not significantly different between single and two-stage addition regimes. In
Tukey HSD groupings by dose, the 386 g/hL treatment yielded significantly lower aroma
intensity across attributes, relative to 772 and 1544 g/hL. The latter two dosage levels
were generally not significantly different from each other in terms of aroma intensity
across the six attributes, with the exception of tropical/catty, where the highest dosage
yielded significantly higher ratings than the lowest, but the intermediate dosage level was
not significantly different from the other two. Lafontaine and Shellhammer similarly
reported diminishing returns with increasing dry-hopping rate for the variety Cascade,
although their study found significant, albeit small, differences in aroma intensity
between 800 and 1600 g/hL.14 Tukey HSD groupings for dosage showed that for every
attribute, two-stage additions led to significantly higher aroma intensity. These results
provide strong evidence that dry-hops’ aroma potential may be better utilized by multistage, low dose dry-hopping. However, it is important consider this finding within the
context of the experiment, where dry-hopping occurred on a pilot scale (2 x 40L batches)
and was carried out in the absence of yeast for 4 days at 13°C using coarsely ground
whole cone hops. In practice, brewers would be best served testing the implementation of
multi-stage dry-hopping, rather than assuming that these findings extend to their specific
operation.
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4.4.4 Sensory analysis of commercial beers
Descriptive sensory analysis was also performed on the commercial beer samples, in
order to evaluate if similar trends in aroma intensity occurred as a result of single versus
two-stage dry-hopping on a commercial scale. In contrast to the pilot scale dry hopping,
the commercial scale approach involved a much larger volume of beer (~350 hL), used
pelletized hops, was carried out in the presence of residual yeast, and occurred over a
longer time frame (12 – 14 days) at a higher temperature (20°C). ANOVA using the
factors sample, panelist, session, and all two-way interactions on data from the full panel
did not find significant differences among the four beers, aside from a consistent panelist
effect (Table A.3). Least squared means showed that in both replicate sets of beers, the
two-stage dry-hopped versions tended to have higher aroma potential across attributes,
although these differences were not statistically significant (Table 4.5). An exception to
this trend can be seen in the second replicate set for the attribute tropical/fruity, which
was slightly lower in the two-stage dry-hopped beers.
Table 4.5 Least squared means of aroma attribute ratings for commercial beers
Replicate group
1
2
Addition regime Single Two-stage Single Two-stage
OHAIa
9.8
10.1
10.6
10.7
Citrus
5.9
6.1
6.1
6.5
Herbal/Tea
3.1
3.6
3.1
3.4
Tropical/Fruity
5.3
5.6
5.6
5.4
Resinous
3.8
3.8
4.4
4.9
Values are means of 36 aroma ratings
a
Overall hop aroma intensity
In order to visualize the interrelationships between the different attributes with
respect to the beer treatments, principal component analysis (PCA) was carried out using
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overall attribute means by sample, and a biplot depicting the aroma attributes and product
means was generated (Figure 4.3).

Figure 4.3 Principal component analysis biplot of aroma attributes (open circles) and
commercial beers from production replicates (Rep 1 and Rep 2), which were alternately
subject to single or two-stage dry-hopping (black circles)
Overall, the axes F1 and F2 explained ~83% of the variation in the dataset. F1 was
strongly anchored by OHAI, citrus, and resinous in the positive direction, while F2 was
strongly anchored by tropical/fruity and herbal/tea in the positive direction, and slightly
by resinous in the negative direction. Interpreting the biplot yields similar conclusions to
Table 4.5, with all of the double dry-hopped beers having higher F1 values in the positive
direction, and therefore tending to be higher in OHAI and citrus quality. In replicate set
one, the two-stage dry-hopped beers were associated with more tropical/fruity and
herbal/tea relative to resinous aromas, respectively. In replicate set two, the samples are
closer together in F2, and their positions are reversed. Notably, the first replicates both
have lower values on F1 than the second replicates, indicating that over time, OHAI and
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citrus quality of the beers may have decayed, as these two replicates were produced
roughly one month apart. Although this sensory data does not confirm the findings of the
previous section, the two-stage dry-hopped beers did tend to have higher aroma ratings.
The contrasting findings on the impact of single versus two-stage dry-hopping on hop
aroma intensity between the commercial and pilot scale beers likely result from
differences in dry-hopping parameters. Commercial beers were higher in alcohol, and
were dry-hopped at higher temperatures than the pilot scale beers (7.7 vs 4.4% ABV and
20 vs 14°C, respectively), and higher extraction rates of hop aroma compounds have been
reported with increases in these two parameters.28 In terms of the form of hop material,
one major difference between the dry-hopping regimes was that commercial beers were
dry-hopped with pelletized hops, whereas pilot scale beers were dry-hopped with ground
whole-cone hops. Hop pellets typically contain a higher proportion of hop-essential-oilcontaining lupulin relative to vegetative material than whole-cone; additionally, milling
prior to pelletizing results in a smaller average particle size, and the rupture of lupulin
glands, which may enhance extraction. Indeed, better extraction of hop volatiles from
dry-hopping with hop pellets as compared to whole cone hops has been reported in the
literature.4, 11 Dry-hopping with multiple varieties, which was applied to the commercial
beers in this study (5 varieties), but not the pilot scale beers, has also been shown to
increase hop aroma intensity and the extraction of hop volatiles.29 Further, commercial
beers were dry-hopped in the presence of yeast, whereas pilot scale trials were in a yeastfree system. This is relevant to hop aroma as yeast strains used in brewing have a welldocumented ability to bio-transform hop-derived aroma compounds (one example being
β-glucosidase activity), which can lead to higher proportions of high-impact odorants.13,
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30-31

It is also worth noting that commercial beers were dry-hopped directly as opposed to

in bags, and experienced greater beer-hop contact time (12-14 days relative to 4 days).
The authors hypothesize that the interaction of these various factors contributed to the
lack of significant differences between the commercial beers, effectively closing the
aroma intensity gap observed between single and two-stage dry-hopped beers on the pilot
scale.

4.5 Conclusions and implications

The results of this study provide strong evidence in favor of the hypothesis that

greater hop aroma potential in beer may be achieved by multiple, low-dose dry-hop
additions, as opposed to single additions at higher rates. On the pilot scale, beers
produced using two-stage dry-hop additions yielded significantly higher aroma potential
than single additions. Additionally, the observation of diminishing returns in terms of dry
hop aroma at addition rates over 800 g/hL made by Lafontaine & Shellhammer was
confirmed in both single and two-stage additions.14 Although the single and two-stage
addition beers were not found to be significantly different on the commercial scale,
overall means for nearly all aroma attributes were consistently higher in the two-stage
addition beers. The composition of the pilot scale beers showed an increase in
humulinones, polyphenols, residual extract, and bitterness units with increasing dryhopping rate, accompanied by a slight decline in iso-α-acid content. These changes
appeared to be more impactful in the two-stage dry-hopped beers, although they are
unlikely to be perceived from a sensory perspective. Commercial scale beers were nearly
identical in terms of all compositional attributes within production replicates. The
counterpoint between the results on the pilot and commercial scale highlights the
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complex manner by which factors including but not limited to scale, the form of hop
products, and addition methods interact in relation to hop aroma potential.
Aroma hop varieties, which are typically used for dry-hopping, have nearly double
the cost of production when compared to bittering hops, and therefore typically represent
a significantly higher cost from the brewer’s perspective.32 Hop production is also
resource intensive; most hop production in the United States takes place in the Yakima
valley, which is semi-arid and relies on irrigation, and additionally, hops are typically
dried in large kilns using fossil fuels for preservation purposes.33-34 There is therefore a
strong impetus for brewers to use their hops more efficiently from an economic and
environmental point of view and one way this may be achieved is by implementing multidose dry-hopping. While the authors caution against extending the results of this study to
beer production processes verbatim, a strong case has been made for multi-stage dryhopping as a potential technique for brewers to better utilize their dry-hops.
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CHAPTER 5 – GENERAL CONCLUSIONS AND FUTURE WORK
The research presented in this thesis was carried out in order to provide answers regarding
the extraction efficiency of valuable hop-derived compounds during dry-hopping, and to
propose some techniques by which brewers may better utilize hops as a raw material, in the
context of the sustainability implications of beer production.
The study described in chapter two provided proof that dry-hopping is a relatively inefficient
process, in that spent dry-hops waste on both a pilot and industrial scale contained
considerable quantities of both volatile and non-volatile hop constituents. Further study on the
specific influences of different dry-hopping parameters on hop volatile extraction efficiency,
especially within commercial brewing operations, would help to elucidate ways in which
brewers can maximize their utilization of dry-hops. The findings presented in chapter one also
opened the possibility of reclaiming both the bittering and aroma potential of what would
otherwise be a waste material of the beer production process.
In chapter three, one potential means of spent dry-hops upcycling was investigated. The
re-use of spent dry-hops in the wort kettle as a source of bitterness was demonstrated to be
equally or more efficient than pelletized hops from a utilization perspective. From a sensory
perspective, no consumer preference was found in terms of aroma, overall, or bitterness liking
between beers bittered with hop pellets versus spent hops. Based upon these results, the
proposed re-use of spent dry-hops for bittering seems to be a promising new technique and
may provide an opportunity, particularly for smaller-scale brewers, to create novel new
products while cutting costs, and potentially lowering their environmental impact. Further
research on the efficacy of re-using spent dry-hops as late- or dry-hop additions could provide
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industry with another means to get more out of their dry-hops. In addition, further research on
the storage stability and potential means of preservation of this waste material are necessary
given that the benefits of dry-hops upcycling may be precluded by energy consumption during
refrigerated storage. One potential means of preservation is the use of supercritical CO2
extraction, which is already widely used in industry for preparing hop extracts.
The data presented in the fourth chapter provide evidence in favor of the hypothesis that
greater hop aroma potential in beer may be achieved by multiple, low-dose dry-hop additions,
as opposed to single additions at higher rates. On the pilot scale, beers produced using twostage dry-hop additions had significantly higher hop aroma intensity than those produced via
single additions over a range of overall dosage rates. Additionally, the inefficiency of dryhopping was reinforced, as diminishing returns were observed beyond overall dosages of
~800 g/hL. Although the commercial scale single and two-stage addition beers were not
found to be significantly different, overall means for nearly all aroma attributes were
consistently higher in the two-stage addition beers. The counterpoint between the results on
the pilot and commercial scale highlights the complex manner by which factors including but
not limited to scale, the form of hop products, and addition methods interact in relation to hop
aroma potential. Again, further research is necessary in uncovering similar simple methods by
which brewers can optimize the utilization of dry-hop aroma.
The vital goal of these research projects was not to provide verbatim instructions to
brewers on how to do their jobs, but rather to provoke discussion and further investigation
among industry and researchers regarding how best to use, and potentially re-use dry-hops. It
is ultimately the brewer’s prerogative to decide whether or not to implement new techniques
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in beer production according to the specifics of their products, processes, and consumers.
Beer production is by no means a one-size-fits all industry, which makes beer-related research
at the same time frustrating, fascinating, and rewarding.
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APPENDIX TABLES
Table A.1 F-statistics from mixed model ANOVA for evaluation of descriptive analysis on pilot scale beers
a

Sensory Attribute
Herbal/tea Tropical/catty Tropical/fruity
18.7
5.1
10.6
2.8
0.6
0.2
12.1
37.9
5.2
1.0
0.6
1.0
1.3
3.2
3.1
1.2
2.5
2.0

Source
Type
DF
OHAI
Citrus
Sample
Fixed
7
43.4
22.6
Session
Fixed
3
0.1
0.2
Panelist
Random
7
12.7
8.5
Sample*Session
Fixed
21
1.0
1.2
Sample*Panelist Random
49
1.4
1.9
Session*Panelist Random
21
0.9
0.9
Error
147
Bolded F-statistics indicate that the corresponding p-value is < 0.05
a
Overall hop aroma intensity

Pine/resinous/dank
16.0
0.1
6.1
1.6
2.0
1.4
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Table A.2 F-statistics from mixed model ANOVA for evaluation of dose and stage effect in pilot scale dry-hopped beers
Source
Type
DF OHAIa Citrus Herbal/tea Tropical/catty Tropical/fruity Pine/resinous/dank
Panelist
Random 7
7.3
6.0
14.0
56.7
6.3
9.0
Dosage
Fixed
2
36.0
20.6
17.3
7.8
8.6
17.7
Stage
Fixed
1
36.1
18.3
6.6
7.9
18.8
17.8
Dosage*Stage Fixed
2
2.4
1.4
0.2
0.5
2.3
2.9
Error
35
Bolded F-statistics indicate that the corresponding p-value is < 0.05
a
Overall hop aroma intensity
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Table A.3 F-statistics from mixed model ANOVA for evaluation of descriptive analysis on commercial scale beers
Sensory Attribute
Source
Type
DF
OHAIa
Citrus
Herbal/tea Tropical/fruity
Resinous
Sample
Fixed
3
1.0
0.7
1.1
0.2
2.6
Session
Fixed
2
0.4
0.7
2.3
0.1
0.4
Panelist
Random
11
7.3
18.9
16.3
21.7
54.3
Sample*Session
Fixed
6
0.8
0.5
1.2
1.8
0.4
Sample*Panelist
Random
33
1.6
1.6
1.2
1.3
1.1
Session*Panelist
Random
22
0.3
0.4
0.8
0.6
0.3
Error
Fixed
66
Bolded F-statistics indicate that the corresponding p-value is < 0.05
a
Overall hop aroma intensity

