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When hops are added to beer, varying degrees of hoppy aroma persist in the 

finished beer as a result of a number of factors. Dry-hopping is a technique whereby hops 

are added to beer post-fermentation to leverage the maximum aroma potential of the hop 

essential oils while minimizing bitterness contribution from the hop alpha acids. Brewers 

are very interested in understanding dry-hopping as this practice is widely used 

throughout the industry. The studies herein investigate both the dry-hop process as a 

vehicle to dose flavor and aroma into beer and hop/processing factors that contribute to 

this operation. 

Hop oil serves as the primary reservoir of aromatic compounds in the hop plant 

and it is hypothesized that using hops with greater total oil content will result in more 

hoppy aroma in dry-hopped beers. An unhopped beer was dry-hopped with 23 individual 

Cascade hop lots and was evaluated using sensory descriptive analysis. There was no 

correlation between total oil content (ml oil/100g hops) and overall hop aroma intensity 



(OHAI). Therefore, the specific volume of hop oil in hops is an inadequate indicator of 

hoppiness potential in dry-hopped beer.  

Cascade, Chinook, and Centennial hops are some of the most popular American 

hops used by brewers across the globe. Because of their high use, there exists a need to 

understand how the hop-derived, analytical profile of these cultivars in the beer system 

can be used to enhance quality assurance strategies. An in-depth flavor analysis approach 

utilizing Solvent-Assisted Flavor Evaporation (SAFE) and Aroma Extract Dilution 

Analysis (AEDA) was carried out to understand which compounds contribute the most to 

the character of these hops in the dry-hopped system. The analysis revealed Cascade, 

Chinook, and Centennial had 9, 10, and 11 character impact compounds (CIC). 

Commonalities were observed among the three cultivars regarding 2-furanmethanol, 

linalool, geraniol, cis-geranic acid methyl ester, and n-decanoic acid in beer. Variation 

between the Centennial and Chinook cultivars is a function of only a few character 

impact compounds whereas Cascade is markedly different, anchored heavily by 

benzenacetaldeyde. This knowledge could help introduce potential replacements, 

removals, and/or reductions for these hop cultivars in the future.    

When stored under pro-oxidative conditions, qualitative changes in the chemical 

and aroma profile of Hallertauer Mittelfrüh (HHA) hops occurs. It was hypothesized that 

lager beer dry-hopped with oxidized HHA would impact both the qualitative attributes 

related hop aroma in the finished beer and influence consumer acceptance. Lager beer 

was dry-hopped using oxidized hops and a non-oxidized control at two different hopping 

rates (3.8 g/L, 1.5 g/L). Trained panelists using descriptive analysis evaluated the beer 



dry-hopped at 3.8 g/L. At this dosing rate, significant qualitative changes were observed 

in the beer as a result of using oxidized hops. The beers dry-hopped with the oxidized 

hops had significantly higher sensory ratings for woody and herbal attributes, which are 

associated with “noble” hop aroma. 60 consumers rated their acceptance of the beers dry-

hopped at a lower rate of 1.5 g/L and no significant difference in overall liking was found 

between the hop preparations. While changes in hop chemistry occur as a result of 

oxidation, these changes may not adversely affect overall liking of beer prepared with 

oxidized hops but may serve as a way to enhance “noble” hop aroma in lager beer.  

Dry-hopping can be used as a method to assess the aroma potential of a hop 

cultivar, for instance as a tool used during the late stages of the hop breeding process or 

as a way to determine beer performance of a prospective hop cultivar when evaluating 

hops pre-purchase. These evaluations, though quick, are commonly prone to high 

variation. From a hop perspective, more effective sampling and preparation techniques 

were implemented to reduce within lot variation and increase homogeneity. From a 

processing perspective, increased volumes of liquid, duplicate dry-hopping events, 

blending and filtration methodology, as well as oxygen control have reduced the process 

derived variation. The Oregon State dry-hopping method has evolved to best display hop 

material in dry-hopped beer in an accurate and precise manner as well as reveal the 

variable nature of small-scale hop evaluations. 
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Chapter 1: Introduction 
 

Hops are one of the four key ingredients used for the production of beer. The 

diversity of flavor contributed by the hop plant is a function of the cultivar as well as the 

practices utilized to showcase the hop. Hop chemistry research has progressed 

substantially over the last 40-50 years but has left researchers with more questions than 

answers. There is a comprehensive understanding of the relationships between hops and 

the taste of beer in terms of bitterness, but a similar level of understanding remains 

incomplete for hoppy aroma. Hops are added to the brewing processes at various stages 

across several unit operations and the sensory and analytical characteristics of hoppy 

aroma in beer are a generally a function of the hop characteristics, hop conditions, as well 

as the method of addition. This thesis investigates four separate projects and addresses 

each of these areas.  

 

Hop – the plant: 

Hop (Humulus Lupulus L.) is a dioecious plant that plays a key role in beer flavor. 

The hop plant’s primary use is in the brewing process and for the purposes of adding 

bitterness and aroma to beer. The female inflorescence, the hop cone, is the part of the 

hop plant used in the brewing process. The hop cone features bracts and bracteoles 

attached to a central strig. At the base of each bracteole are the lupulin glands that house 

the compounds of interest to the hop grower and brewer. The quality and characteristics 

of this gland vary on a per cultivar basis and establish the brewing value of the hop 

material. It is of utmost importance that the integrity of this gland, from a chemical and 
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physical perspective, is maintained during hop processing; this maximizes the quality and 

value of the hop material being sold to the brewer. 

Growing: 

Hops are cultivated within specific geographic regions dictated primarily by 

length of day.  Globally, this ranges from 35°-55° latitude both north and south of the 

equator 1. Generally, hop plants are grown in the United States until a height of 

approximately 15-18 feet tall. Day length supports rapid and vigorous growth in the 

spring as well as delays flowering. Once the day length begins to shorten, flowering is 

triggered and so is the formation of the hop cone. The plants are offshoots of herbaceous, 

perennial rootstock that can have a commercial lifetime of 12-20 years 1. Depending on 

the region and climate, the first shoots emerge in the early spring. These first shoots are 

often removed to synchronize the growth of the yard and/or reduce the incidences of 

disease that can arise in moist climate conditions. Early on, the shoots are manually 

trained to wrap around the string where they remain for the rest of the growing season. 

The shoots begin to climb rapidly, clockwise, as the growing season progresses. Primary 

growth continues from April until July in the Northern hemisphere1. The rate of growth 

and general health of the plant are highly dictated by a heavy fertilizer regime as well as 

considerable amounts of irrigation. This regime is heavily focused on the delivery of 

nitrogen to the plant material. This should be accomplished prior to the middle of June, 

and generally deliver to the plant approximately 100-150 lbs nitrogen per acre, per year 
2

.  

The plants are grown in rows and within each row, each hop plant is directed 

outwards and up a string. During growth, the hop bine physically arranges itself to the 
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vertical strings. From July to August, as the day length shortens, the female inflorescence 

matures into the cone. For the next several weeks both the cone size and the chemistry 

within the cone change as a function of time. As the plant matures in the field, the 

concentrations of the components of interest to the brewer are changing 3,4.  These 

changes also can impact finished beer quality, therefore, harvest timing is one critical 

parameter to maximizing the brewing value5.   

Harvest timing is highly dependent on the cultivar. In addition, secondary factors 

such as recent weather conditions, farming parameters such as dry matter, as well as 

anecdotal accounts of historical harvest initiation all dictate the choice of when to 

harvest. During an average year, harvesting commences in the first two weeks of August 

and culminates (depending on region) at or around the end of September. Constraints, 

primarily dictated by weather encourage the end of harvest, particularly in Oregon, to 

occur in the middle of September. Washington growing regions that remain arid can 

continue harvest practices until the end of September. During harvest, hop farms and 

processors are operating 24 hours a day and seven days per week to remove the plants 

from the field as fast as logistically possible to protect the brewing value of the hop.   

Field Removal: 

The harvest operation begins in the field. Hop plants are removed from the field 

manually and/or by mechanized equipment. Typical of most operations, a multi-person 

crew operates a vehicle with an elevated platform in the rear. One operator remains 

elevated removing the string from the upper trellis and another operator removes the 

lower string using a cutting tool. The string and plant are laid over the edge of the vehicle 
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as it slowly moves down the row. When the vehicle reaches capacity, it returns to the 

centrally located picking machine delivering the material to the next stage.  

Picking Machine: 

Operators remove the hop plants from the transport vehicle and manually hang 

them on circulating hooks. On the hooks, the hop bines are directed through equipment 

that systemically removes the plant material away from the hop cones. The equipment 

must do so in such a way that both minimizes product (i.e. cone) loss as well as the 

amount of extraneous (i.e. non-cone) material that flows into downstream processes. 

Depending on the brand of equipment, a series of metal “fingers” physically strip a 

considerable amount of the leaf and stem matter away. The remaining material is now 

sorted by upwards-moving, “dribble” belts. This unit operation features mechanical belts 

positioned at 45-degree angles. The belt surface is formed to retain wide and flat material. 

The loose plant material sticks to the belts and the cones “dribble” downwards.  

Prior to the 1930s, hop was primarily harvested by manual labor practices.  This 

operation required a large workforce over a large amount of time.  Labor constraints 

during periods of global conflict drove innovation surrounding machine-based harvesting 

practices. The mechanized hop harvesting operation has remained relatively unchanged 

over the last 60-75 years. In part, high capital costs and infrequent use annually (i.e 

approximately 6-8 weeks per year) in combination with the single purpose nature have 

driven only recent innovations. Generally, the front end of the harvesting process offers 

few, viable variations; of which only a few are utilized in commercial operations. In some 

cases, for instance, the picking operation can occur simultaneously with in-field 
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harvesting. A brick and mortar variation is the Perrault Harvester®. This machine utilizes 

the same manual field removal but eliminates operators at the front of the process to load 

the picking machine. Instead, this operation is initiated by the mechanical loading of a 

coarse amount of picked hop plants. The plants are fed into a continuous cutting 

apparatus by a conveyor. The unit’s cutting head passes horizontally across a large mass 

of hops, cutting 18-inch sections of the hop pile, releasing a retaining screen and 

dropping them forward on to a moving conveyor belt. The coarsely cut plant material 

enters the process and experiences similar physical culling and sorting steps. The output 

of the picking operation are “green” hops containing minimal amounts (~ < 2%) of stem 

and leaf material that have approximately 75-80% (w/w) moisture.  

Kilning & Moisture Reduction: 

After picking and sorting, “green” hops are dried immediately in order to prevent 

decay. The goals of kilning are to reduce the moisture content and stabilize the hop cone 

prior to packaging. Green hops feature a moisture content at this point of approximately 

75-80% (w/w) which needs to be reduced to less than 12% (w/w) to achieve stability and 

prevent deterioration1. The operation begins by loading wet hops onto a grated surface or 

deck atop a burlap sheet. These sheets are used post-kilning to remove the hops and 

advance them to the next stage. The kiln deck sits above a plenum that is connected to a 

heat source. Drying conditions are farm and cultivar dependent. Generally, drying is 

completed with forced-air convection and features temperatures between 50-60°C for 7-

10 hours. The heat source and high temperature are derived from furnaces fueled with 

natural gas, propane, and/or diesel. Some small, “pilot” kilns may be heated electrically. 
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During drying, the bed of hops can range in depth from 12-30 inches and in most cases in 

North America, but not all, very little mixing occurs within the bed during drying. This 

results in a moisture gradient in the bed (i.e. lower moisture at the bottom, higher 

moisture at the top). The kilning step is without question the most critical operation that 

occurs post-harvest. The finished quality of the whole cone hops is very much at stake 

during this process. Val Peacock, a retired Anheuser-Busch hop specialist describes 

drying as the “most critical thing a farmer does6.”  

After moisture is within specification (~8-11%), the heating source is turned off, 

cool air is blown through the bed of dried hops and eventually the burlap sheet under the 

hops is mechanically moved to empty the kiln. This moves the dried hops on to a 

conveyor system and directs them to the equilibration room where they are formed into a 

large pile for moisture and temperature equilibration. Over the course of several hours, 

the moisture within each hop cone and among the individual cones in the pile of hops 

equilibrates. The moisture of the hop material must be allowed to equilibrate and results 

in a final packaged moisture of 8-10% by mass. 

Packaging: 

After equilibration, the whole hop cones are baled. Hops are moved by farm 

equipment into a hopper connected to an elevating conveyor that moves hops to the 

baling unit. Hops are loaded by mass into a form dictated by the final bale dimensions. 

The cones are compressed vertically with a large hydraulic ram. This compression 

reduces the volume that a fixed mass of hops occupies. After this compression, the 200 
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pound bale of hops is enclosed with a synthetic polymer or burlap cloth that it is 

manually sewn shut. The bales are stored cold until further downstream processing.  

Downstream Processing: 

Very few commercial brewing operations utilize hops for the brewing process in 

the form of whole cones. Commonly after baling, whole cone hops are directed to off-site 

(in few cases on-site) pelletization. The whole cone material is reprocessed into a new 

form with much higher bulk density that, from the perspective of the brewer, simplifies 

supply chain logistics, onsite storage, and automated brewing operations. The process 

initiates as whole cone hop bales are disrupted and pulverized with a hammer mill. The 

output of the hammer mill is powdered hop grist with a uniform particle size. This is 

loaded into a hopper and homogenized along with the grist from many different bales of 

hops. The grist is passed through a dye where it is compressed into small pellets. The dye 

is cooled to prevent evaporation and degradation thereby protecting the brewing value in 

the pelleted hop. The material from the output side of the dye is packaged under inert 

conditions (nitrogen, for instance) into high-barrier bags where it is stored cold until 

delivery to the broker and/or brewer. It should be mentioned that further downstream 

processes with hop material can occur pre/post pelletization. These produce a wide 

variety of extracts and products that offer flexibility for the end user based on the 

application. 

2015 Statistics: 

In the United States, hops are grown primarily in three regions: the Yakima 

Valley (Washington), the Willamette Valley (Oregon) and southern/northern Idaho. In 

2015, approximately 59,453,300 lbs of hops were cultivated in Washington growing 
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regions, 10,667,800 lbs in the Oregon regions, 8,724,900 lbs in Idaho, and 1,249,000 lbs 

elsewhere in the US for a total domestic yield of approximately 80,000,000 lbs of hops7. 

The total crop value in 2015 was reported at $345,388,000 million dollars, over twice the 

value in 2006 7. Recently, small growing operations have begun to arise throughout the 

United States in other areas such as New York State, Michigan, Virginia, Colorado, 

California, and Texas. 

Hop Chemistry 

The primary purpose of adding hops to beer is to add flavor. Taste and aroma 

together, contribute to flavor. The bittering acids and polyphenolic material contribute to 

the taste while the oil component is the main source of aroma. Other groups of 

compounds that participate in the flavor of beer are polyfunctional thiols, and to a much 

lesser extent glycosidically bound water-soluble flavor compounds. These components 

together contribute to hoppy flavor in beer. 

Table 1: Table of Hop Composition (w/w%)1 

Components Concentration (%w/w) 

Cellulose-lignins 40.0 - 50.0 

Protein 15.0 

Alpha acids 2.0 - 17.0 

Beta acids 2.0 - 10.0 

Water 8.0 - 12.0 

Minerals 8.0 

Polyphenols 3.0 - 6.0 

Lipids and fatty acids 1.0 - 5.0 
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Hop oil 0.5 - 3.0 

Monosaccharides 2.0 

Pectins 2.0 

Amino acids 0.1 

 

Bittering Acids: 

Covered extensively by Verzele and De Keukeleire 8, these compounds are 

generated and stored in the lupulin glands. Bittering acids in hops are the precursors to 

bitterness in beer. In the hop plant, they are in the form of alpha (humulones) and beta 

(lupulones) acids. These acids are present in concentrations that vary for a number of 

reasons, but most notably on a per cultivar basis. The acid component is not static during 

growth, nor are they stable on the hop plant, or after harvest. The development during 

harvest was researched by Murphy and Probasco. They showed that, independent of 

cultivar, the development of alpha acids proceeds to increase as the plant approaches the 

“target” harvest date4. The rate of this change as measured in their study, appears to be 

cultivar dependent. After the “target” harvest date, slight changes occur, however these 

are most likely to the detriment to the grower and the brewer for other reasons. In the 

case of most hop cultivars, maximizing alpha acids could also serve to maximize other 

components. However, doing so adversely affects the farmer’s ability to practically 

harvest and process this material without damaging it. The downside to maximizing these 

hop components comes at the cost of lower moisture hops on the bine, changes in flavor 

chemistry, and process loss during picking operations.  

Alpha Acids: 
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Referred to as alpha acids (humulones), these compounds in their native form are 

not markedly bitter and cause a nearly negligible role in the bitterness of beer at the 

concentrations found in beer9. This group of compounds contains five constituent hop 

acids: humulone, co-humulone, ad-humulone, pre humulone, and post humulone, with 

humulone being the most abundant1. Isomerization during the brewing process cause 

these molecules to change structurally, thereby modulating the polarity of the molecule. 

This chemical change increases the solubility and perceived bitterness. Oxidative 

reactions can render the relatively non-polar native acid to a more polar state. This 

chemical change in hop material can be the result of poor storage conditions and/or abuse 

during processing. The oxidation products of alpha acids (humulinones) can enter the 

beer system and contribute to the bitterness of beer10.  

Beta Acids: 

Beta acids are relatively non-polar, have minimal solubility in wort or beer and by 

in large do not enter the brewing process and/or contribute to the bitterness of beer in 

their native form. In a similar fashion as alpha acids, the chemical structure of these 

molecules can also change from oxidation reactions. This change modifies the polarity of 

the native acid and as a result these more polar oxidized beta acids (hulupones) can enter 

the beer system and influence bitterness10.  

Polyphenols: 

The polyphenolic material comprises 3.0-6.0 % by mass of the plant.  Compounds 

that make up this macromolecular group are primarily responsible for haze and flavor 

stability. Haze occurs as a result of the combination of polyphenolic and proteinaceous 

material. Together, they can chemically bond to form large(r) structures that precipitate in 
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solution, perpetuating haze in beer systems. The second function involves their ability to 

act as electron scavengers or antioxidants. In the beer system, they offer a preventative, 

sacrificial character that allows them to oxidize preferentially providing various degrees 

of flavor stability. Thoroughly reviewed by Aron et. al 11, hop polyphenolic material is 

often removed throughout the brewing process with sacrificial scavengers such as 

polyvinylpolypyrrolidone (PVPP), or during filtration. In a similar fashion, protein 

removal during the brewing process can be completed, thereby removing most, but not all 

haze-forming substrate, and in turn prevent colloidal dispersion. Proper precipitation 

upstream of cellar operations can reduce the downstream load of proteins, thereby 

reducing the potential of haze. There is also mounting evidence to suggest that hops also 

offer bioactive functionality and that is derived principally from compounds bound to 

those with polyphenolic character 12,13.  

Water-soluble flavor: 

It has been reported in several other food systems, particularly fruits and 

vegetables (and downstream products of such materials) contain glycosidically bound 

flavor precursors14–18. In order to transport materials within the plant structure, 

compounds that are otherwise insoluble in water are bound to sugar molecules, increasing 

their polarity. By doing so they become functionally inactive and can be transported 

around the plant structure without consequence. Based on a response, the plant can cleave 

the bond and release the previously bound chemical, activating it. With this in mind, it 

has been reported that hop material contains these glycosidically bound flavor precursors 

and they can be used to add flavor to beer19. In particular, some of the flavor-active 
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compounds that are found in hop oil are also present bound to sugar molecules (as an 

aglycone) in the form of glycosides. The work by Kollmannsberger showed that the 

concentrations of glycosidically bound compounds vary on a per cultivar basis. These  

aglycones can be cleaved by using exogenous enzymes20. A comprehensive report by 

Danen et al. revealed that some yeast strains have the ability to actively hydrolyze the 

beta-1,4 bond that joins the flavor molecule (i.e. aglycone) to the sugar molecule 21. 

Furthering this work in 2012, Kanauchi and Bamforth revealed that in terms of enzymatic 

activity, the evaluated brewing strains all had extra-cellular beta-glucosidase activity, but 

very low levels. They go on to suggest that given the low levels excreted during growth, 

the impact on beer and hop flavor remains unclear22. It is well established that these 

glycosidically bound flavor compounds exist in hop material. However, the potential 

impact of these bound compounds given their low concentration, and especially relative 

to that of the same compound derived from hop oil, is questionable in terms of the 

contribution to beer flavor.   

Polyfunctional Thiols 

The topic of polyfunctional thiols is of high interest to the brewing and hop 

industries and has been heavily investigated by numerous groups in hop and beer 

systems. The recent interest is due to the low concentration at which these compounds are 

present in hops and beer contrasted against their ability to contribute strongly to the 

corresponding flavor profile. The thresholds for these compounds are in the parts per 

trillion range23. These compounds are postulated to exist as both bound to amino acids as 

well as in a free state24. Cysteine, in particular, can act as a carrier for these 
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compounds24,25. These same compounds have been reported as flavor active in other food 

systems such as grapes/wine and tropical fruits.  

Sulfur compounds, particularly the polyfunctional thiols in both beer and hops, 

are challenging to measure due to limitations with common chromatographic techniques. 

Therefore, sensitive quantitation and detection of the compounds require special 

equipment and detection capabilities. Further complicating their investigation is the 

concentration at which they are found in the beer matrix. Analytically, this can involve 

aggressive pre-treatment measures involving mercury-based reagents such as para-

hydroxymercuribenzoic acid (pHMB). Because of the fleeting nature of these chemicals, 

derivatization techniques for pre-treatment, as well as deuterated standards for the target 

analytes, are suggested for quantification in the beer matrix to account for loss or 

degradation that occurs during sample preparation26.   

Essential Oil: 

Most recently reviewed Eyres and Dufour27 in 2009 and earlier by Sharpe and 

Laws28 in 1981, hop oil makes up a relatively small albeit important component of the 

hop plant 0.5-3.0 percent by mass. Oil concentration is described as a specific volume of 

oil (mL) per mass (100 grams) of material. The hop oil fraction is purportedly comprised 

of upwards of several hundred compounds that have the potential to contribute to the 

hoppy aroma of beer27. Hop oil is a dynamic system throughout harvest. Sharp et. al and 

Murphy and Probasco showed the oil composition changes as a function of harvest 

maturity, both in total oil content and in oil composition3,4. The change is a function of a 

number of things in the context of maturity, namely cultivar and to a lesser extent 

geographical region can play a role.   
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In the investigation by Sharp et. al hop oil and its relation to harvest maturity were 

investigated at three harvest timings: early, typical, and late. Independent of the examined 

cultivar, hop oil content increased as a function of harvest timing. For Cascade in terms 

of oil composition, significant changes between early and typical were observed for the 

compounds: alpha-pinene, beta-pinene, myrcene, limonene, rho-cymene, caryophyllene, 

beta-farnesene, and humulene. Citral and humulene epoxide changed only between early 

and late harvested hops, whereas linalool and methyl heptanoate increased at each time 

increment3. In terms of the relationship between oil quality and beer quality, Sharp found 

that consumers preferred beer prepared with typical harvested Cascade hops in 

contradiction with Bailey et. al. That study revealed that late harvested Hallertauer 

Mittelfrüh had higher sensory ratings in the dry-hop system5. Practically, this difference 

in harvest timing and the impact on beer performance shows that different hop cultivars 

respond differently in the field and that each may have an optimal harvest time relating to 

aroma performance in the beer system.   

Hop Oil Analysis: 

The quantity of oil in hops is measured analytically using standard methods 

developed and validated by the American Society of Brewing Chemists (ASBC). The 

method, Hops-13 involves the hydrodistillation of hops whereby 100 grams of hops are 

added to 3.0 L of distilled water and boiled for 3-4 hours29. During this time, the oil 

component of the hop material is volatilized, condensed on a cold-finger trap, and then 

collected in a graduated receiver. The quantity of oil is reported as a specific volume of 

liquid per 100 grams of hops. The reported, accepted variability of this method is ±0.1 



 

  15 

 

ml/100g of hop material. The quality of hop oil is assessed by measuring the oil 

constituents in the bulk oil (from the distillation) using gas chromatography coupled with 

flame ionization detection (GC-FID). The method involves dilution of the hop oil in 

hexane prepared with 1% v/v of an internal standard solution. This chromatographic 

assessment is an ASBC standard method, Hops-1729. The practicality and conditions of 

Hops-13 are appropriate for measuring the total oil content of hops. However, the adverse 

conditions of the distillation operation, combined with long periods of high temperature 

exposure allude to the fact that this method may not be the most appropriate in advance 

of compositional analysis of hop oil. The exposure to high heat for long periods of time 

could conceivably lead to artifacts or the degradation of compounds already present in 

hop oil. Future projects should be focused on improvements to accurately characterize 

hop oil composition. 

Essential Oil Compounds: 

As part of the hop specification sheet provided by the supplier to the brewer, the 

composition of the hop oil for several key compounds is often reported. The compounds 

that comprise this list are commonly, but not limited to, myrcene, humulene, 

caryophyllene, farnesene, linalool, and geraniol. They are declared as percent 

composition of the total oil30. These compounds are evaluated because historically they 

have been deemed important to brewers. As hop research has progressed, the importance 

of these compounds has diminished as their potential as individual indicators of hop 

aroma to beer remains insufficient. Hoppy aroma in beer is not caused by a single 

compound in hops, but rather a suite of compounds acting in concert. That being said, the 
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compounds listed above participate together, but one alone is not responsible for hoppy 

aroma in beer.    

Beer Production: 

The following is an explanation of common brewing processes.  There are 

numerous variations on this process and “hybridized” versions that feature various types 

of equipment.  For more information, the reader is directed to the works of Lewis & 

Young31 Lewis & Bamforth32, as well as Kunze33.  

Milling: 

Malted barley with a moisture content of 10-12% is crushed using a mechanical 

milling device. Commonly, this device features a number of rollers that reduce the 

particle size in a stepwise fashion. The goal of milling is to prepare malted barley for 

mashing. The kernel is opened in such a way to maintain the integrity of the husk 

material, but induce enough breakage to allow access to the starch inside of the kernel. 

Post milling, the “grist” is moved to the next unit operation: mashing. 

Mashing: 

Grist material is mixed with tempered water (40-70°C) to initiate the enzymatic 

hydrolysis of starch into sugar molecules. This process is mediated by temperature and to 

a lesser extent pH. The mash temperature program dictates the extract/alcohol parameters 

of the finished beer. In many cases, this is completed over a small temperature range that 

optimizes enzymatic hydrolysis of starch and the resulting wort production. The 

temperature program is based on the optimal temperature for each of the two primary 

(alpha and beta) amylases. Alpha amylase has a temperature optimum of approximately 

70°C, whereas beta-amylase has an optimum range between 55-60°C31. Mash pH is 
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controlled by the chemistry of the water used for mashing as well as the malt. The water 

chemistry is governed by the “native” water and/or a combination of an addition of 

brewing salts. Salts, such as calcium chloride (CaCl2,) calcium carbonate (CaHCO3), 

sodium chloride (NaCl) can be used to manipulate the alkalinity of the brewing water to 

befit the style of beer being prepared. Mash pH typically ranges between 5.0 and 5.5.  

A concerted effort of both alpha and beta amylase enzymatically break down the 

starch macromolecular structure. Barley starch is 25% amylose and 75% amylopectin31.  

Alpha amylase hydrolyzes starch (both amylose and amylopectin) randomly at the alpha 

1-4 link, this action can act to open the structure of the starch molecules. Beta amylase 

acts on the non-reducing ends of the structure, which are then accessed via concomitant 

action with alpha amylase. The hydrolysis of the latter allows for the former to have 

access to an increasing amount of non-reducing ends31. The orchestrated assault of the 

starch molecules reduces the molecular size and in turn creates fragments of lower 

molecular weight sugar molecules that act as substrates for yeast during fermentation. 

After sufficient starch hydrolysis and extraction, the mash is moved to the next unit 

operation where the liquid sugar extract “wort” created from the mash is separated from 

the insoluble material in the malt.       

Wort Separation: 

In traditional English-style brewing systems, this operation occurs in the same 

vessel as the mashing step. Modern systems feature a hybrid set up that involves two or 

three vessels, in doing so increases in throughput can be achieved. Liquid mash is 

transferred (or kept in place with English-style brewing systems) into a vessel with a 
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“false bottom.” This bottom is constructed with a slotted steel surface where liquid is able 

to pass through but solids (i.e. insoluble material) is retained. This vessel, typically called 

a “lauter tun,” is often the largest vessel in diameter; and is engineered to enhance 

liquid/solid separation and flow. The sole purpose of this vessel is to promote the 

separation of liquid from solid between husk material (solid) and the wort (liquid). As 

flow is initiated from the bottom of the vessel, a bed is formed in the lauter tun.  Liquid 

moving through the bed in the lauter tun is recirculated initially for two reasons: 

formation of the grain bed to develop flow paths, and more importantly reduce the 

protein-derived turbidity of the wort prior to collection. This is the first of many 

important steps to reduce downstream clarification and filtration issues. Once adequate 

flow is established and the wort has reached an acceptable level of turbidity, the first 

portion of liquid is collected by moving it to the next unit operation (i.e. kettle, or pre-run 

vessel). This first portion of liquid is the most concentrated in terms of its extract. As the 

bed develops and is compacted, a pressure gradient is established across the material. If 

this pressure differential becomes too high, flow of liquid wort through the grain bed and 

false bottom is impeded. To alleviate the pressure, mechanical rakes are used to “cut” the 

bed to restart the flow of liquid through the grain. After this initial liquid collection, hot 

water is sprayed on the grain bed to assist in the washing of the remaining extract from 

the malted barley, this is referred to as sparging. This “washed” extract is added to the 

previously collected highly concentrated portion in the next unit operation: 

Boiling Kettle: 
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There are several goals of the kettle boiling operation during the brewing process.  

These are, in no specific order: stabilization, volatilization, concentration, denaturation, 

precipitation, isomerization, and color formation. The most important of these, in the 

context of this body of work are volatilization and isomerization. Volatilization in wort 

boiling is typically centered on the removal of off-flavors such as malt-derived dimethyl 

sulfide. However in the context of hops, volatilization leads to removal of the compounds 

in the hops associated with hoppy aroma in beer. Isomerization in wort boiling involves 

the bittering acids from the hop material. This prolonged exposure to heat during the 

kettle boil changes the structure and function of the non-bitter alpha acid to its bitter 

counterpart, the iso-alpha acid. During this chemical change, the molecular weight 

remains constant, however the structure of the native acid changes. After boiling, the 

processed wort is moved to the final step before cooling prior to fermentation, the 

whirlpool.  

Whirlpool/Cooling: 

The whirlpool is the final brew house operation. This vessel is a circular, 

insulated tank. Wort is pumped from the kettle vessel into the whirlpool via an entrance 

that is tangent to the vessel, creating a circular flow path. Centrifugal force promotes the 

sedimentation of the protein particles formed during boiling in the center of the tank. 

Again, this serves as a way to reduce the solid-particle load that would be otherwise 

carried downstream, impeding clarification processes and/or promoting product 

instability. The whirlpool also serves the purpose of evaporating additional potential “off-

flavors” that would otherwise persist into the finished beer. In the context of hop 
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material, the whirlpool shows tremendous promise as an addition point for hops into the 

brewing process. It is beneficial because the operation offers adequate temperature/time 

exposure to minimize isomerization of alpha acids into iso-alpha acids as well as extract 

compounds related to hoppy aroma. The latter is more effective during the whirlpool due 

to the time element which could be more conducive to optimal extraction which is not 

achieved in other hopping methods. After the whirlpool, the wort must be cooled to the 

appropriate temperature based on the type of yeast being used.     

Primary Fermentation & Conditioning: 

Post whirlpool, wort is moved through a heat exchanger. Typically, a counter 

current, multi-stage plate heat exchanger is used.  Hot wort is passed concurrently and in 

the opposite direction of the flow of cold water to a desired end temperature.  Wort 

fermented with ale yeast is cooled to temperatures of 18-22°C whereas worts destined for 

fermentation with lager yeast is cooled further to 8-13°C. After the cooling step, wort is 

infused with air or oxygen to support the growth of cellular mass during the early stages 

of fermentation.  

During anaerobic fermentation yeast use glycolytic pathways to catabolize the 

substrates that were hydrolyzed during mashing and metabolizes them into ethanol, 

carbon dioxide, and flavor-active compounds. Fermentation rate and performance are 

dictated by a number of factors, namely temperature, yeast nutrition (extract and 

supporting nutrients from wort), and yeast generation time. Fermentation for wort 

attenuated with ale yeast typically lasts for approximately 2-5 days, whereas lager 

fermentations require 6-10 days. In modern breweries, fermentations take place in 
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temperature controlled, jacketed, cylindroconical vessels (CCVs). Both the geometry of 

the tank and fermentation output (i.e. CO2), induce mixing throughout the length of the 

tank during fermentation.  

Post-fermentation, the “green” beer needs to be conditioned and carbonated in 

preparation for packaging. Depending on the brewery and/or beer style, this operation can 

take place in the same vessel or in a separate vessel designed to best stabilize the product 

from a flavor and colloidal perspective. Post primary fermentation, it is critical to rest the 

beer for a period of time to reduce vicinal diketones (VDKs). These natural byproducts of 

fermentation are formed as a consequence of amino acid synthesis during fermentation. 

In short, wort is devoid of the amino acid valine and the yeast synthesize their own 

supply from other molecular skeletons during glycolysis. The metabolic pathway for 

valine synthesis results in the formation of alpha-aceto lactic acid. So much so that it 

leaks out of the yeast membrane into the beer system. In beer, this compound 

subsequently oxidizes into 2, 3 butanedione also known as diacetyl. Depending on the 

concentration in beer, diacetyl can be perceived with an aroma of butter and butterscotch. 

In most beer styles, its presence is considered to be a defective characteristic. If an 

appropriate amount of time is allowed, the yeast will recover the carbon from this 

compound to perform additional glycolytic reactions. In doing so, the yeast will reduce 

the total VDK content of green beer to a level well-below threshold. This is a critical step 

in flavor maturation and stability that must occur during the cellar operation.   

Clarification: 
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Post fermentation and conditioning, beer is ready to undergo the final preparations 

for packaging. This step, because it is ahead of clarification or filtration, offers a point at 

which hops can be added and is referred to as dry-hopping. However, the primary goal of 

this operation is to achieve stabilization pre-packaging.  

Many small brewing operations, particularly in the craft sector achieve this 

stability by lowering the temperature of the liquid inside of the tank using to temperatures 

near or at the freezing point of water. The alcohol in solution allows for beer to remain as 

liquid at this temperature and induces the sedimentation of haze-particles, as discussed 

earlier, inside of the vessel. This haze, along with yeast are collected in the conical 

portion of the tank and are removed in bulk form. In the case of small brewing 

operations, after adding carbon dioxide to meet the package specification, the cellar 

operation is complete and the beer is transferred to packaging. In large brewing 

operations, additional clarification and filtration may be required to reduce the turbidity 

of the product to enhance the clarity of the packaged beer. Clarification can be achieved 

with individual unit operations of centrifugation and filtration or some combination of 

both.  The former increases the length of the filter run by greatly reducing the solid load 

on the filter medium.  Post clarification the beer is typically injected in-line with carbon 

dioxide to a desired specification and the beer is moved to a bright beer tank (BBT).  This 

vessel serves the purpose to receive the volume of several smaller tanks in effort to 

provide opportunities to blend, dilute, and or homogenize several fermentation vessels. In 

some cases, after the beer reaches the final specification in this vessel it is either 

packaged directly from this vessel or moved to a buffer tank that is more local to the 
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packaging operation. From the end of fermentation and throughout packaging, it is of the 

utmost importance that oxygen ingress be avoided in any way to prevent adverse flavor 

reactions from occurring in the finished product34,35. 

Packaging: 

Packaging unit operations are explained in gross detail elsewhere33. In short, 

carbonated finished beer, is distributed to packages (i.e. glass bottles, aluminum cans, 

stainless/plastic kegs) at overpressure. The beer for filling is cold and the packages for 

filling are counter-pressured at a level to prevent foaming during liquid transfer. 

Reducing oxygen ingress during packaging is of paramount importance to the brewer to 

reduce the impact of oxidation reactions; as they negatively influence beer and hop 

flavor. Oxygen ingress is nearly inevitable during the packing operation, however if 

efforts are taken upstream (i.e. during the cellar operations) to reduce the oxygen pickup, 

the cumulative effect of oxygen will be less damaging.  

Hop Aroma in Beer 

Hoppy aroma is the concerted display of the volatile compounds from hops in 

beer. The desire to create beers with both intense and complex types of hoppy aroma can 

be directly tied to the rise of small, independent, craft brewing operations. Prior to 1980, 

there was not a diverse selection of beers in the United States. That same notion would 

suggest that hoppy beers were also not readily available for consumers. A new interest in 

strong taste and aroma has moved beer consumers from gently flavored and mildly 

aromatic (from a hop perspective) English ales and German lagers to styles such as, but 

not limited to Double & Triple India Pale Ales and hop-forward session beers.  
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Early types of hoppy aroma were researched heavily in the 1980s and 1990s by 

investigating the source of “noble” hop aroma.  Researched from both a chemistry and 

sensory perspective36–42, “noble” or “kettle” hop aroma is generally characterized as 

herbal, spicy, and woody. Typically, this type of hop aroma is lower in overall intensity 

and presents itself in traditional German, Czech, and/or American lager beer styles.  

In contrast to noble type aroma on the spectrum of hoppy aroma, the current craft 

beer landscape features markedly different types of hoppy taste and flavor. Generally 

speaking, hoppy aroma in beer can be currently described generally and categorically as 

citrus, piney, fruity, and tropical fruit. Unlike noble, Germanic landrace varieties, 

American hops feature these fruity/piney flavors. Also, the level of hoppy aroma in beer 

relative to products of the 1980s and 1990s is more intense. These different aromas result 

from a combination of recent hop breeding efforts, innovative hopping technology, and 

elevated hopping rates in beer.  

With a growing interest in aroma-forward beers also grows the desire to control 

hoppy aroma from a quality perspective. There have been attempts to develop analytical 

parameters, such as the Hop Aroma Unit as ways to control and dose aroma into beer43,44. 

Though viable at the time of its development in the early 1990s, the HAU falls short 

when applied to current beer styles as only 22 aroma compounds, in three separate 

classes comprise the unit.  

Since the development of the HAU, several factors involved have changed. 

Namely, the flavor and aroma of beer and the ability to detect, measure, and understand 

what compounds drive hoppy aroma in beer. It is clear from the numerous, more current 
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investigations that hoppy aroma in beer is the result of orchestrated display of many 

compounds in beer, not just the original 22.    

For instance, linalool was included in the original HAU. Linalool’s importance 

regarding hoppy aroma has been heavily debated throughout the brewing literature45–47. 

In the early 1980s, Peacock et. al. attributed the floral aroma of hops to a combination 

compounds including geraniol and linalool46. In 2009, Hanke goes so far to suggest that 

the linalool content in hops would be a viable approach to dosing hoppy flavor into 

beer45. In 2010, Peacock published a thorough review of the role of linalool in the beer 

system, as well as declared its overstated importance. In this report, Peacock elaborates 

on how the role of linalool, not only is overstated but is a function of the hopping method 

(i.e. kettle hopping, late hopping, or dry-hopping).  He goes on to suggest that it is an 

important contributor to late hopped beers, but not the only contributor, especially in hops 

that contain more potent odorants47. The story of linalool accurately sums up the point 

that a single compound is not responsible for hoppy aroma in beer but that hoppy aroma 

itself is a combination of many compounds. In addition, this also addresses the point that 

aroma must be interpreted in the context of the unit operation, cultivar, processing 

factors, as well as the beer recipe to be accurately captured. The following subcategories 

will focus on the dosing of aroma into the wort/beer system in the context of specific unit 

operations where hops are typically added in the process.   

In contrast to early process additions of hop material, late(r) process additions are 

completed to achieve different goals. The kettle operation primarily results in compounds 

from hops related to bitterness whereas the dry-hop operation primarily results in aroma 
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compounds and to a far lesser extent, bitterness. The kettle environment is conducive to 

high rates of volatilization and therefore stripping of compounds in hops related to aroma.  

Therefore, the kettle operation is primarily utilized to add hop derived bitterness to beer, 

not hoppy aroma.  Conversely, the dry-hop operation is just the opposite. The low(er) 

temperature, long(er) exposure time, and low(er) levels of volatilization when compared 

to the kettle favor hop aroma extraction.  Table 1 outlines the composition of hop 

material on a per mass basis, the acid fraction (alpha and beta acids, by mass) make up a 

far greater percentage of the total mass of hop when compared to essential oil.  If the goal 

is dosing bitterness, this difference in percent composition warrants in most cases, a 

much lower hopping rate. Oppositely, if the brewer is interested in dosing hop aroma into 

beer, and seeking to leverage the compounds within hop oil, a much greater hopping rate 

is required as essential oil makes up far less of the hop by mass. 

Kettle Hopping: 

The kettle boil takes approximately 60-90 minutes.  During this time the 

temperature is at or around 100-102°C and the conditions inside of the vessel are 

vigorous in nature. These circumstances create an environment that readily volatilizes 

molecules with a low(er) vapor pressure. Many, but not all, of the compounds that are 

reported to contribute to hoppy aroma in beer are lost or destroyed during this stage due 

to rapid volatilization as well exposure to the high levels of heat. Some of the larger 

molecular weight compounds found in hop oil due persist during this stage and contribute 

to what is known as “kettle” hop aroma, which can be described similarly to “noble” hop 

aroma.  
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Recently researched by Belgian groups, this area of hop aroma compounds is 

challenging to measure and identify due to the complexity of the reaction pathways and 

many possible derivatives and oxidation products that can be formed. This was heavily 

pursued in the 1980s and 1990s in relation to “noble” hop aroma in terms of the sensory 

and instrumental characteristics that comprise “kettle” and “noble” hop aroma.    

Figure 1: schematic of the brewing process showing individual unit operations where hop 
material is typically added.   

 

Late Hopping: 

The next two unit operations, the whirlpool and hop jack have proven to be novel 

areas to add hops. From an aroma perspective, these offer lower temperatures and less 

exposure time. From a bitterness and utilization perspective, alpha acids can still 

isomerize into iso-alpha acids, albeit at a lower efficiency compared to the kettle 

operation. Both the whirlpool and hop jack occur downstream of the kettle operation and 

both feature “lower” (approximately 95-98°C) temperatures and contact time. This topic 

requires more in-depth research involving reaction kinetics in terms of both aroma and 

bitterness, with an emphasis on hop aroma extraction.  
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The hop jack is an industry term for to a vessel that is located downstream of the 

whirlpool separator. The vessel is filled with hop material and hot wort cast from the 

whirlpool is placed in contact with the hops. The reduced contact time and lower 

temperature promote higher degrees of aroma extraction/protection and a lesser degree of 

bitterness extraction and isomerization.  

Dry-Hopping: 

The attempts to examine dry-hop flavor in beer from and chemical and sensory 

perspective have been successful individually, but the body of academic work would 

most likely be challenged by a given brewer's anecdotal experience. Reviewed 

extensively by Wolfe, the dry-hopping operation is a task that occurs within the cellar 

operation48. There is no standard protocol for dry-hopping and brewers have practiced 

methods that range from very simple to extremely complicated for a number of reasons 

relating to the scale and size of their operation. The goal of dry-hopping surrounds the 

addition of the oil fraction into beer in such a way that protects and maximizes the 

compounds from hops. This fraction contains the compounds that contribute to hoppy 

aroma in beer. By adding hops late in the process in a way that can leverage the maximal 

potential of the hop oil, in turn, provides a maximal amount of hoppy aroma to beer. A 

possible unintended consequence of dry-hopping involves the addition of bitterness via 

the oxidation products of the bittering acids. In a survey of commercial beers in the 

Pacific Northwest, high levels of humulinones and to a lesser extent hulupones were 

observed as a result of the dry-hopping process49. As recently reported by Algazzali and 

Shellhammer 
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 oxidized hop acids can impact the level of bitterness intensity in beer10.   

In the work by Wolfe the principle objective was to investigate extraction 

techniques on a pilot scale that would optimize the sensory characteristics of dry-hopped 

beer.  Wolfe evaluated circulated versus quiescent extraction technology during the dry-

hopping period over 12 days for both pellet and whole cone material. The pellet material, 

in the stirred system was highest in overall aroma intensity, bitterness intensity, and 

astringency. Analytically, this dry-hopped beer was also highest in extracted alpha acids 

and polyphenolic material48. A secondary goal of the work was to evaluate the duration 

of the operation of dry-hopping to give brewers guidance in terms of processing. Ideally, 

it would benefit brewers to have a short-time, high-efficiency extraction in order to 

advance beer through the cellar operation. Many brewers dry-hop for extended periods of 

time and as a result potentially suffer from diminishing returns that minimally benefit hop 

aroma quantity and quality. Wolfe was able to establish that mean values for the attribute 

Hop Aroma Intensity (HAI), a quiescent (i.e. passive) pellet system was both lower in 

intensity (when compared to all of the mean values for the stirred system) and similarly 

grouped among the extraction times: 6, 24, and 96, and 288 hours. In the pumped system, 

the extraction conditions yielded beers with higher aroma intensity, but at the cost of 

increased polyphenolic and alpha acids. For the pumped (i.e. circulated) dry-hop 

extractions, they were shown to be similar across the different time points (24, 96, and 

288 hrs). This suggests that extended dry-hopping times, in terms of HAI, are 

unnecessary, and equivalent to 24 hours of dry-hop exposure48. Though Wolfe’s work 

served as an initial investigation into dry-hop optimization, other factors such as rate 
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and/or temperature were not examined. It should be mentioned that extensive efforts were 

made by Wolfe to reduce dissolved oxygen inclusion during treatment preparation. 

However, it was not formally measured during beer processing. 

In terms of hop material, there is little to no understanding of what factors in hop 

relate to beer performance. There are a number of variables that affect the dry-hopping 

operation derived from both hop material/hop processing and the cellar operation. This 

thesis addresses several questions involved in the aroma of dry-hopped beers.    

The Cascade Hop:  

In terms of hop research regarding the plant and the beer system, the Cascade hop 

has been heavily evaluated, especially in the context of hop oil and hop aroma.3,46,48,50–66. 

Released for commercial production in 1972, the Cascade hop is a hallmark of the USDA 

Public Breeding Program at Oregon State University. This hop is heavily used in the craft 

beer sector for the primary purpose of adding hoppy aroma to beer. In 2015, Cascade was 

the 2nd most produced hop (in terms of %), comprising 16.5% of production in the United 

States7. To add perspective, Oregon had a 60.5% increase in the number of pounds of 

Cascade grown between 2014 and 2015. The 2015 Oregon harvest yielded 2,163,000 lbs 

of Cascade hops. The majority of Cascade however are grown in Washington regions and 

in 2015 the total yield in that region for Cascade was just over 9.5 million pounds7. 

Regarding physical characteristics, the Cascade hop features medium-sized hop cones 

that are compact and easily pickable from a farming/processing perspective30. Harvest 

parameters would generally assign this hop to “mid-late” season (depending on harvest 

year). Analytically, this hop typically ranges in total oil content from 0.8 – 2.5 mL/100 

grams of hops30. The volatile and oil composition of Cascade varies for a number of 
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reasons as previously discussed. The oil profile of Cascade studied by Peacock as well as 

Kenny showing it as a high farnesene hop65. Peacock’s identification key shows that 

Cascade is characterized as having both high levels of farnesene and geranyl esters. 

Particularly 80 mg/kg of geranyl acetate and 40 mg/kg of geranyl propionate; the latter of 

which only arose exclusively (within the key) in Cascade hops64.  Studied recently by 

Inui using a metabolomics approach using GCXGC-TOF MS; Cascade in the beer system 

was characterized using a “big-data” approach combining sensory responses with a 

multivariate statistics for a comprehensive analysis of the extract of beer. In brief, the 

statistical output assigned several molecules to a particular sensory response. Cascade 

hops in beer were described primarily by Floral, Spicy and Citrusy attributes from a 

sensory perspective66.  

Conclusions: 

 In summary, the display of the hop in the beer system is a function of many 

factors related to the hop plant as well as the brewing process.  An understanding of these 

factors has the potential to benefit the three primary stakeholders.  Hop breeders, can 

more effectively develop hop material with an advanced understanding of what factors in 

hop are of importance to the end-user, the brewer. From the perspective of the hop 

grower, it is important to understand the characteristics that assign value to the hop in the 

context of hop aroma potential.  Brewers also need an understanding of the components 

of hop related to hoppy aroma performance in beer for purchasing hop material, using 

hops in the brewery, and controlling hoppy aroma in beer.   
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The work herein addresses four separate projects that investigate parameters in 

hop material and the brewing process and how they are related to the sensory and 

analytical profiles of dry-hopped beer.   

Chapter 2: The influence of hop oil content and composition on hop 

aroma intensity in dry-hopped beer 
 

Daniel M Vollmer, Thomas H. Shellhammer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Journal of the American Society of Brewing Chemists (accepted for peer review) 



 

  33 

 

3340 Pilot Knob Road 

St. Paul, MN 55121 

Abstract: 

When hops are added to beer, varying degrees of hoppy aroma persist as a result 

of cultivar differences and the point of hop addition. Dry-hopping is a technique whereby 

hops are added to beer post-fermentation to leverage the maximum aroma potential of the 

hop oil. Given that hop oil serves as the primary reservoir of aromatic compounds in the 

hops, we hypothesized that using hops with greater total oil content (ml/100g) will result 

in higher levels of hoppiness for dry-hopped beers. An unhopped beer was dry-hopped 

with 23 individual Cascade hop lots and the resultant beer was evaluated using sensory 

descriptive analysis. The results demonstrated a negligible role of total oil content 

(ml/100g) as an indicator of hoppiness. In fact, there was no correlation between total oil 

content and overall hop aroma intensity (OHAI). Therefore, the specific volume of hop 

oil is an inadequate indicator of hoppiness potential in the dry-hop system. This work 

challenges several conventional ideas, namely that using hops with higher oil content for 

dry-hopping promotes a greater degree of hoppy aroma in beer. This research affirms the 

complexity of how hop materials relate to sensory aroma performance in beer systems.  
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Introduction: 
Craft brewers have driven the resurgence of dry-hopping as a method to deliver 

hop aroma to beer. Dry hopping is an operation whereby hops are added post 

fermentation to deliver hop aroma to beer without subjecting the hop material to the 

volatilization that occurs in hot-side hopping techniques. The benefits of dry hopping, as 

outlined by Wolfe48, allow brewers to capture the full spectrum of volatile compounds 

found in hops. There is a large body of work on aroma compounds in hops 

3,4,27,28,43,52,54,67–72. The total amount of oil in hops on a per mass basis (0.5-3.0 % vol/wt) 

is small and it is comprised of compounds with varying degrees of aroma potential when 

used in beer 27,31. Reviewed extensively by Eyres and Dufour, hop oil is far from being 

fully understood 27. The matter becomes more complex in the context of dosing hops into 

beer. This has been explored by many researchers to determine which compounds from 

hops are responsible for hoppy aroma in beer 5,37,39,44,46,47,55,63,66,73–79. It is important while 

discussing hop aroma in beer, that both the hop cultivar as well as the hopping method 

are taken into consideration. 

Brewers desire a dry-hopping process that is both effective and reproducible; 

therefore, it is critical to understand how hop specifications relate to hop aroma 

performance. We hypothesized that the level of total oil in hops would influence the 

aroma intensity of the resulting dry-hopped beer. That is within a single cultivar, hops 

with higher total oil content would yield greater hop aroma intensity in dry-hopped beers 

than hops with lower total oil content. The overarching goal of this work was to provide 

guidance to brewers, hop growers, and hop breeders to better use, manage, and breed 

hops for aroma purposes. The two studies discussed herein provide insight into both the 
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dry-hopping process and how raw material characteristics, particularly total hop oil 

content, relates to hoppiness in beer.   

The first study served as a preliminary investigation by using three different 

categorical levels of hop oil in the dry-hop system.  The results revealed the potentially 

negligible role of the level of total oil content as it relates to dry-hop aroma when 

measured by descriptive analysis. Results from this first study triggered the second, larger 

investigation where 23 lots of Cascade hops were evaluated in a similar fashion using the 

dry-hop model. The central theme of this work was to establish the role of total oil 

content as it relates to hoppy beer aroma performance.   

Experimental:  

Study 1 – preliminary investigation using three levels of hop oil 

Experimental Design – Study 1: 

The two main factors in this study were hop oil content (LOW, MED, HIGH) and 

dry-hop exposure time (12 & 24 hours): Dry-hop treatments were replicated once for the 

samples exposed for 24-hours at each oil content level. It was assumed that any variation 

that occurred within experimental units for the 24-hour samples would be at least 

equivalent to any variation that would have occurred within the 12-hour samples, had 

they been replicated. The use of the design including partial replication was warranted by 

constraints in both the hop sample size and cellar operations.   

Raw Materials – Study 1: 

Whole-cone Cascade hops were collected from commercial sources in the form of 

brewers cuts (500-700 grams) within two of months of the 2013 hop harvest. Three 

samples were selected from a pool of 50 Cascade hops samples based on oil content. The 
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selections represented three categorical designations that span the range of oil contents 

within the Cascade cultivar (Table 2). All samples were packaged in high-barrier pouches 

that had been flushed with nitrogen and then stored frozen (-20 °C) until needed.  

Beer Preparation – Study 1: 

A pale ale base was prepared in the Oregon State Pilot Brewery with a grist bill 

composed of 98% 2-row (Great Western Malting, Vancouver, WA) and 2% acidulated 

malt (Weyermann Specialty Malting Co, Bamburg, Germany). Iso-alpha-acids (IAA) 

(Barth Haas Group, Yakima, WA) were added to the kettle to control for bitterness at a 

rate of 20 mg/L. Fermentation was carried out using ale yeast (1056, Wyeast, Hood 

River, OR)  at 20°C for 7-8 days and held for an additional 3-days for VDK reduction. 

The resultant beer had a final alcohol content of 5.7% ABV and a residual extract of 4.5 

(% w/w). Post fermentation, the beer was cooled to -1°C and filtered using a plate and 

frame device with diatomaceous earth (DE) impregnated cellulose filter pads (HS2000, 

Pall Corporation, Port Washington, NY). Beer was divided into 12 L aliquots for the 

application of the dry-hop treatments. 

Dry-Hopping Process – Study 1: 

Clarified beer was allowed to warm to 15.5°C in 18 L bale-top, stainless steel 

kegs. Hop material was weighed into plastic mesh bags and added to beer at a dosing rate 

of 3.8 g/L. Bags were weighted to prevent the hop material from floating. The bags 

containing the hop material were placed in foil pouches flushed with N2 and stored at -

23°C until use. For the addition to beer, the sealed foil pouch containing the bagged hops 

was opened and the contents added to the vessel; this operation was completed under a 
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low flow (~5-10 psi) of CO2. Kegs were mixed initially and stored without agitation at 

15.5°C for the duration of dry hopping (12 & 24 hrs). After the extraction time, the beer 

was transferred from the vessel through a cartridge filter outfitted with synthetic mesh 

material into a separate, CO2-purged vessel to stop the dry hopping process. The beer was 

then chilled and carbonated for sensory evaluation. 

Sensory Methodology – Study 1: 

Ten trained panelists with previous experience scaling hop aroma evaluated the 

samples orthonasally for their aroma intensity and qualitative attributes. Three training 

sessions allowed the panelists to develop a lexicon that best described the differences 

among the beer samples. Testing was carried out over five individual sessions and during 

each session, each panelist observed all of the treatments, including the control. The 

presentation order within each session was randomized for each panelist and all samples 

were coded with three-digit random numbers. Panelists evaluated approximately 50 mL 

of beer in 300 mL glasses fitted with plastic covers. The beers were evaluated for the 

attributes Overall Hop Aroma Intensity (OHAI), Resinous, Citrus, and Fresh 

Herbs/Green using an 8-point scale with 0 anchoring “none” and 7 anchoring “very 

high”.  

Statistical Methodology – Study 1: 

The level of variation between the true replicates at the 24-hour time points was 

evaluated and used to make a statistical comparison with the non-replicated 12-hour 

samples. The analysis of variance (ANOVA) was performed using a mixed model for the 

fixed main effects of time, hop, replication, and their interactions (Table 3). Random 

effects and the corresponding interactions were assigned to the panelists. Two-way 
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interactions for the interdependency were examined separately between time, hop, and 

the same relationship nested within replication. The four-way interaction was included in 

the model to partition the variation on a per panelist basis for all evaluated times, hop 

levels, and experimental replication. The partial replication between the two time levels 

required the analysis to be completed on the 24-hour data to gauge the level of variation 

in the experiment. Statistical analysis of the sensory data in the first study was carried out 

using SAS (Cary, NC) and R (Boston, MA).     

Study 2 –Investigation using 15 levels of hop oil 

Experimental Design – Study 2: 

In total, 35 beers (plus a single, unhopped control) were prepared using 29 

different lots of Cascade. Quality control deviations throughout both oil analysis and beer 

processing warranted the removal of eight samples. The final set included 27 beers and 

the control prepared with 23 different hop lots representing 15 different levels of total oil. 

The dry-hop addition for each hop lot was completed in duplicate and blended it into a 

single unit as described later. As an internal verification on the blending process, four 

selected hop lots were dry-hopped an additional time, each thereby providing an 

experimental duplicate for these four selected hop lots. Hop oil analysis, dry-hop events 

for single lot, as well as the duplicate event (for the four selected lots) were completed in 

a randomized fashion to minimize sampling effects as well as any process-derived 

variation. To identify the total hop oil that was added to the beer from each hop lot, the 

hydrodistillation total oil quantification was completed on the day before or same day as 

the dry-hopping event (as opposed to using the oil content measured at harvest). Each 

hop lot was prepared for both oil analysis and dry-hopping simultaneously to best sample 
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the hop material that was going into the dry-hopped beer. Brewers cut were primarily 

used for this project, and a cut is a 500-700 gram compressed portion of a large (100 kg) 

hop bale. Each individual cut represents a sample of a hop bale for a given lot. To 

mitigate the sampling variation as a result of using brewer’s cuts, multiple (2-3) brewer’s 

cuts, were co-mingled by grinding and mixing in order to homogenize the whole cone 

material. Replicated treatments (n=2) were hopped using material from a single lot.  

Raw Materials – Study 2: 

Whole cone Cascade hops were collected after harvest in 2014 from commercial 

suppliers. 30-40 hop lots were received in the form of brewer’s cuts and/or samples 

directly from the farmer. Hops were stored in high barrier foil pouches, purged and sealed 

with nitrogen and stored cold (-20 °C) until needed. Samples directly from the farm were 

packaged in inert, large, 6-8 kg foil pouches. Geographical, processing, and chemistry 

data on individual hop lots included in the study are shown in Table 4. 

Beer Preparation – Study 2: 

40 hL of beer was prepared on a commercial scale and sourced from a regional 

brewing operation in Portland, OR. Unhopped wort was prepared using 86% pale two 

row (Rahr, Shakopee, MN), 13.5% caramel 10°L and 0.5% caramel 120°L malt (Briess, 

Chilton, WI) to a starting concentration of 10.9°P. Fermentation was carried out at 18-

19 °C using Wyeast 1056 ale yeast attenuating to 3.9 RE (%w/w) and 4.5% ABV. Post 

clarification, iso-alpha acids (IsoHop®, Barth Haas Group, Yakima, WA) were added at 

concentration of 18 mg/L resulting in a 15.4 BU beer. Beer was carbonated and filled into 

60 L stainless kegs, shipped to Oregon State University and held at 4 °C until dry-

hopping.  
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Dry-Hopping Process – Study 2: 

Hop grist for dry-hopping was added to cotton mesh bags (EcoBag, Ossining, 

NY), and stored inside foil pouches flushed with nitrogen until the dry-hopping event. 

Hop material was prepared in relation to the volume of beer that it would be added to for 

a final hop addition rate of 3.8 g/L (approx. 1 lb/US beer barrel). Packaged beer was 

removed from the cooler at 4°C and transferred into the vessels where it was allowed to 

warm to approximately 15 °C over 24 hours prior to hop addition. For dry-hopping, 

custom 60 L vessels were used to aid in the hop addition. These vessels were modified, 

60 L stainless beer kegs with a 4” stainless opening fitted with a standard Sankey D-

system coupler and modified spear (Sabco, Toledo, OH). Temperature of the beer during 

dry-hopping varied between 12.7 – 15.5°C across all dry-hopping events.  

After 24 hours of dry-hopping the beer was filtered through DE-impregnated 

cellulose pads (HS2000, Pall Corporation, Port Washington, NY) to stop the dry-hopping 

process. The two experimental replications were blended in-line using a three-way fitting 

prior to entering a plate and frame filter (Figures: 

Figure 2). Beer dissolved oxygen (DO) was monitored during filtration and bright 

beer was not collected until DO was less than 100 ppb (Figure 3). After DO was within 

specification, filtered beer was collected in a closed 60 L vessel with sufficient 

backpressure to prevent foaming. Between each filter run, filter pads were replaced to 

reduce carry-over between hop lots. Filtered beer was stored cold (1-2°C) and under 

pressure at 17.0-18.0 psi. Once beer reached a desired carbonation level, two-cases 

(approx. 48 units) were bottled. Finished beer was analyzed using the Anton Paar Beer 
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Alcolyzer (Anton Paar USA, Ashland, VA) and supporting modules: CO2, color, pH 

(Table 5).  

Hop Oil Analysis – Study 2: 

100 grams of hop material were sampled for analysis using the appropriate ASBC 

standard method 29. Hop material was hydrodistilled with 3.0 L of deionized water for 3 

hours. Hop oils were condensed using a cold-finger condenser and cold-tap water. The 

total oil content is provided for each hop lot in Table 4. Collected oils were measured 

volumetrically and stored in amber vials covered in nitrogen at -20°C until compositional 

analysis. Compositional analysis was performed using a HP5890 Gas Chromatograph 

with a flame ionization detector using the ASBC standard method29. A 1.0% 2-octanol 

solution was prepared in reagent grade hexane to serve as the diluent in the sample 

preparation and as the internal standard for quantitative analysis. Prior to dilution, hop oil 

samples were warmed to room temperature and vortexed to ensure the sample was 

homogenous. A 10% hop oil solution was made using the 1% 2-octanol/hexane solution 

in a crimped glass vial prior to GC-FID analysis. GC Conditions were as follows:  30m x 

0.25mm x 25 um thickness Supelcowax 10 column with nitrogen as a carrier gas (flow 

rate 1.0 ml/min) operating in split mode (1:50) using the septum purge option. The 

injection port was held at 200 °C and flame ionization detector at 250 °C. The oven 

program was as follows: 60 °C held for 1 min, 60-175 °C (3 °C/min) held for 10 minutes, 

230 °C (3 °C/min) and held for 10 minutes. Both the target analyte and internal standard 

FID responses were linear and therefore target concentrations were estimated/quantified 

using internal standard response factors. The target analyte concentrations in hop oil were 
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then standardized on a per-mass basis using the total oil content as determined during 

hydrodistillation, as well as the mass of the hop material used for the distillation. 

Sensory Methodology – Study 2 

28 samples (27 hopped & 1 unhopped control) were evaluated via sensory 

evaluation by 11 experienced, trained panelists (9 males and 2 females; 26-65 yrs old). 

Three training sessions were completed in advance of data collection. During these 

sessions panelists trained on the actual experimental treatments to develop a relevant 

lexicon using a scale that best explained the differences in the samples. Over the course 

of 15 sessions, the panelists evaluated all of the samples five times in a randomized 

fashion. The sample presentation order was blocked by replication and panelists 

evaluated 10 samples per session. Panelists were given 50-60 mL of dry-hopped beer in a 

300 mL glass covered with a plastic lid. Bottles were removed from the refrigerator and 

beer was dispensed into serving glasses approximately 30-45 minutes prior to evaluation. 

Two reference samples along with the labeled control sample were provided each session 

to the panelists as anchors on the 0-15 point scale. Hop Valley Sir Orange A-Lot 

(Eugene, OR) and Ballast Point Grapefruit Sculpin (San Diego, CA) were used to 

represent an 8 and 15 respectively for the attribute Overall Hop Aroma Intensity. The 

final ballot included the attributes: Overall Hop Aroma Intensity (OHAI), Citrus, Herbal, 

Resinous/hop oil, and Tropical fruit.  

Statistical Methodology – Study 2: 

To evaluate the panelist performance an initial screening was carried out on each 

panelist’s ability to discriminate using the five sensory attributes. Panelists who could 

discriminate a minimum of 60% (3 of 5) of the attributes were deemed acceptable, and 



 

  44 

 

only one panelist who discriminated only 1 of the 5 attributes was removed. The effect of 

total hop oil content on the Overall Hop Aroma Intensity in beer was measured using a 

two-way ANOVA with a mixed model including the factors: Panelist (P), Sample (S), 

and Replication (R) as well as all corresponding two-way interactions. Random effects 

were assigned to panelist and the corresponding interactions (P*R, P*S). To validate the 

process changes and improvements, variation was measured on the internal replications 

of four individual lots using paired t-tests. For each pair the observations (n=50) were 

statistically compared for the attribute OHAI. Linear Regression modeling was 

completed using Microsoft Excel (Redmond, WA) to compare the hop oil data to the 

sensory response (OHAI). Principle Component Analysis (PCA) was completed on the 

oil compositional data and sensory response OHAI with a Pearson (n-1) correlation 

matrix. All statistical analyses for the second study were completed using XLstat 

(Addinsoft, New York, NY).   

Results: 

Study 1  

Hop oil content had a suggestive influence on OHAI (p=0.055). Dry-hop time did 

not significantly influence OHAI (p=0.718) (Table 3). There was no interdependency of 

extraction time and hop oil content (Time*Hop) for OHAI. The replicated dry-hop events 

showed considerable variation between the two dry-hop replicates at 24-hours of 

extraction (Figure 4). The nested interdependency for Hop*Time within replicate as 

indicated (Rep(Time*Hop)) was significant (p<0.001). After investigation of the panel 

performance (data not shown) it was clear the panel was performing well and that 

panelists were able to detect variation among the treatments in a reproducible fashion. 
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Thus the variation observed among the true dry-hop replicates was derived from the hop 

material and/or the dry-hopping process itself. The 4-way interaction of 

panelist*replication*hop*time partitioned the variance to account for the panelists’ 

variability in their ability to scale OHAI which depended on the oil level and time 

exposure.  

The variability among the dry-hopping replicates was unexpected but revealed the 

potential difficulty of carrying out small-scale dry-hopping experiments. At a very small 

scale, the dry-hopping procedure may be prone to greater than expected variability due to 

the small experimental volume (i.e. 12 L of beer), sampling error of the hops themselves 

given an inherent inhomogeneity, and/or the influence from sample preparation/handling. 

We hypothesize that the variation in the dry-hop replications likely came from two areas: 

inhomogeneity in the raw materials and/or inconsistency in the dry-hopping process. 

Other processing factors such as dissolved oxygen during and post dry hopping as well as 

extraction efficiency could significantly influence the outcome. The sensory results of the 

first study suggest a slight effect of hop oil level and no effect of dry-hop extraction time 

(12 vs. 24 hours) on the response of overall hop aroma intensity (OHAI). Thus increasing 

levels of hop oil, not necessarily dry-hop exposure time, may lead to increased hop aroma 

intensity.  

Study 2- Descriptive Analysis – Overall Hop Aroma Intensity 

Panel performance was measured to assess the group performance on the attribute 

OHAI.  The output (not shown) revealed that 10 of the 11 panelists were able to 

discriminate on at least three of the five attributes. One panelist was unable to meet this 
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threshold on any of the attributes and was removed for the remaining statistical tests.  

ANOVA (Table 6) on the attribute OHAI in the second study using 10 panelists revealed 

a significant panelist, sample, and panelist by sample interaction. The significant panelist 

and panelist by sample effect are expected in sensory analysis as the ratings given to a 

sample typically depend on the panelist providing that rating. The panel analysis revealed 

no effect of replication or interaction between the terms panelist and replication as well as 

sample and replication. The non-significant main effect of replication indicates that for 

the attribute OHAI, the panel was able to effectively replicate ratings on samples across 

the five replications. The non-significant interdependency between panelist and 

replication indicates that the ratings provided for OHAI for a given panelist did not 

depend on the replication experienced by the panelist. In summary, the mild 

inconsistencies among the panelists, though expected, resulted in low within panelist 

variation across the five replications.   

Process Variation Analysis – Study 2: 

Four selected hop lots were used for duplicate dry-hopping events to provide an 

assessment of process-derived variation. The samples were evaluated over 50 

independent observations in a randomized fashion. To measure the difference in the 

response, evaluation of the four internal replicates in pairwise fashion was completed 

using a paired t-test (Table 7). The results show (Figure 5) no significant differences in 

sensory scores for OHAI. That is, the process changes and sampling modifications acted 

as a way to reduce the variation in the dry-hop system. The oil content of each lot was 

measured twice using ASBC-Hops 13. This is the current standard method and has a 
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reported error of ±0.2 mL/100g. With the exception of one lot, each of the internal 

replications had identical total oil contents. With lot Cas_21, the difference was within 

the acceptable experimental error (±0.1). The results for the duplicate oil analysis for 

each lot can be observed in Table 8. 

Overall Hop Aroma Intensity & Total Oil Content – Study 2: 

Despite having a broader range of total oil contents and a substantially larger 

number of samples, there was no correlation between total hop oil content and overall 

hop aroma intensity (Figure 6). For example, the lowest oil content Cascade hop (Cas_1) 

had one of the highest OHAI scores (shown in red). Conversely, one of the higher oil hop 

lots (Cas_17) had the lowest evaluated OHAI score (shown in green). This lack of any 

relationship between total hop oil and hop aroma intensity challenges the conventional 

wisdom that using hops with greater oil content leads to a dry-hopped beer with higher 

levels of hoppy aroma.   

Oil Compositional Analysis by GC-FID – Study 2 

Principle Component Analysis (PCA) of the hop oil compositional data and 

OHAI shows the poor association among many of the analytes in hop oil and OHAI 

(Figure 7). The first principle component explains 56.25% of the variation in the data and 

is heavily anchored in the positive direction by citronellol, linalool, and beta-ionone. In 

the opposite, negative direction PC1 is anchored by both caryophyllene oxide and a group 

of compounds generally referred to as epoxides. The epoxide category would include, 

and not be limited to oxidized derivatives of humulene and caryophyllene. PC 2 explains 

an additional 15.23% of the variation in the data set and is mildly anchored in the positive 

direction by both citral and alpha-terpineol. As the analytes relate to the sensory response 
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OHAI, those compounds that are associated with PC1 in the negative direction show a 

directional relationship with increasing hop aroma intensity. In the context of the actual 

concentrations of these compounds in hop oil, caryophyllene oxide and the epoxide group 

do not exceed 6 mg/100g and 15 mg/100g, respectively.   

Interdependence of Harvest Date & Total Oil Content – Study 2: 

Past and present research suggests that hop quality changes as a function of 

harvest maturity 3–5. We observed a suggestive relationship regarding total oil content and 

harvest timing (Figure 8). However, on a per farm basis (Figure 9) only a single farm 

(Farm 2), shows an increase in oil content that is linearly related to harvest date. More 

data points are required per farm to make any concrete conclusions regarding an 

interdependency on oil content between harvest date and farm.   

Discussion: 

Conventional wisdom among brewers is that using hops with greater total hop oil 

will result in dry-hopped beer with greater hoppy aroma. The sensory results from the 

first study showed a suggestive effect of hop oil level and no effect of dry-hop extraction 

time on overall hop aroma intensity (OHAI). This suggests that categorical increases in 

the level of oil, not necessarily dry-hop exposure time, lead to increased ratings of hop 

aroma intensity. This output led to the second investigation of 23 different Cascade hop 

lots. The results from the second study revealed that for Cascade hops in the dry-hop 

system, no linear relationship exists between total hop oil content and dry-hop aroma 

intensity. 

Not only does the specific volume of total oil fall short at indicating the aroma 

potential of a hop, the concentrations of individual compounds in hop oil serve as a poor 
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markers of overall hoppiness in dry-hopped beer. Typically, the specification sheet 

provided by hop merchants displays the information for “percent of total oil” for several 

hop aroma compounds. In most cases this includes, but is not limited to: myrcene, 

humulene, caryophyllene, farnesene, linalool, and geraniol. Using PCA (Figure 7) it is 

clear that these compounds have little to no association with OHAI. Not only is the 

standard suite of hop aroma analytes unassociated with markers of beer aroma potential, 

the larger suite of analytes, including those listed above (also shown in Figure 7) 

individually do not show strong associations with OHAI in beer. At least two conclusions 

can be drawn from these observations. One is that the compounds of interest for hop 

aroma intensity may not be included in the analytes measured in this study. While 

another conclusion could be that a different relationship exists among the present 

compounds to describe hoppiness in dry-hopped beer. 

The two compounds that directionally associate with OHAI in beer are worth 

mentioning in the context of the potential oxidation that can occur during sample 

preparation (i.e. hydrodistillation) to separate oil for the total oil content analysis. The oil 

content method, though appropriate for assessing the specific volume of hop oil per mass 

of hop material, has the potential to induce the formation of artifacts, namely oxidation 

products, as a result of the distillation process. During the hydrodistillation, the hops 

experience a considerable amount of heat exposure. It was shown recently by Praet et. al 

that after boiling hop oil, quantitative increases were observed with regards to both 

oxygenated alpha humulene and beta-caryophyllene derivatives 80. It should be taken into 

consideration that the association between OHAI, caryophyllene oxide, and epoxides 
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could be a function of the exposure to oxidative conditions during the hydrodistillation 

process and act as artifacts. Thereby providing potentially false markers for OHAI in dry-

hopped beer.  

One explanation for the intra-cultivar differences among the hops and how they 

influence OHAI surrounds harvest maturity. Research by Murphy and Probasco suggests 

the idea that hop quality and brewing value changes as a function of harvest maturity4. 

Separate studies by both Sharp et. al (2014) and Bailey et. al (2009) demonstrated this by 

showing that harvest date influences not only hop quality but also beer aroma quality. In 

the study by Sharp et. al, Cascade hops were preferred by consumers at a “typical 

harvest” date whereas the work by Bailey demonstrated otherwise, showing that beers 

prepared with  “late-harvest” Hallertauer Mittelfrüh were rated higher for both aroma and 

flavor5. Regarding the second study in the present work involving 23 different Cascade 

hop lots, there is a general increase in total oil content as a function of harvest date 

(Figure 8) which supports the study by Sharp at. al 3. However, there was no relationship 

in this data set between harvest date and OHAI. 

Five hop lots in the second study had identical total oil contents of 1.7 ml/100g of 

hops. Within this subset alone there was considerable variation in OHAI.  Four of the five 

lots in this subset were from the same location and grower in Washington State. These 

four lots hops were harvested from September 1st through September 11th and were kilned 

using the same fuel and the same temperature for a duration 9-10.5 hours at 

approximately 50°C.  In this sub-sample of the larger data set, the subtleties at play allude 
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to a more complex system with additional factors contributing to intra-cultivar variation 

influencing OHAI in the dry-hop system. 

One plausible reason for the differences in hop aroma intensity in the finished 

beer could be attributed to hop oil quality and composition. As discussed by Eyres and 

Dufour in 27, compositional differences within a single hop cultivar may occur for a 

number of reasons. Sources of potential differences may include location, climate, 

irrigation, and disease pressure, as well as post harvesting processing, storage, transport, 

and evaporation. Perhaps the various Cascade lots used for the present experiment were 

far too variable to understand any definitive associations that exist within the population 

of Cascade regarding oil composition and OHAI in dry-hopped beer.  

It would be inaccurate to state that total hop oil content is not important to hop 

aroma intensity in dry-hopped beers, but rather it is not hop oil content alone that 

promotes high levels of OHAI in dry-hop systems. The results of the second investigation 

clarify the results of the first study, where we witnessed a potential relationship between 

oil content and dry-hop aroma intensity across three categorical levels of hop oil. In most 

cases, with the exception of the previously mentioned subset, it is nearly impossible to 

control the state of the incoming material used for the study. However, it is the belief of 

the researchers that the Cascade hop material examined in these two studies were an 

adequate sample of the larger Cascade hop population and are believed to be 

representative of what commercial brewers would experience when selecting and 

purchasing hops.  
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Conclusions: 

Panelists were unable to describe the orthonasal differences in hoppiness intensity 

over a large range of different oil contents in dry-hopped beer. That is, using Cascade 

hops with higher levels of hop oil content do not necessarily result in a dry-hopped beer 

with high OHAI. Given the differences in finished beer quality and intra-cultivar 

variation that exists in hops, brewers who use hops of single cultivar should expect 

variation in dry-hop aroma. It is hypothesized that in addition to the number of factors 

and interactions affecting hop material there are an equal, if not greater amount of 

contributing downstream factors and interactions that influence the aroma potential of 

hop material in the brewing operation. These include, but are not limited to, storage 

conditions, state of the hop material (pellet type, cone condition etc.), addition technique, 

frequency of use, cellar operations, centrifugation/filtration techniques, dissolved oxygen 

during processing, and/or beer packaging quality. These additional variables warrant 

further exploration with the hope to connect raw material parameters to brewery 

operational procedures that together promote high levels of OHAI in dry-hop systems.   

The implications of the work presented puts into question the use of total oil 

content as a marker relating to OHAI in dry-hopped beer. It is clear that other factors, not 

measured in this study need to be used to gauge the aroma potential of the Cascade hop.  

With a greater understanding of hop oil characteristics and how they relate to beer aroma, 

breeders of hops can have more effective targets for creating new hops when using 

Cascade germplasm. Hop growers and processors can better protect components of the 

plant material that maximize its value as an “aroma hop.” Lastly, brewers will have 
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guidance to improve procurement strategies and direction to consistently dose aroma into 

the beer system. 

Acknowledgements: 

The authors would like to acknowledge the financial support of the Hop Research 

Council. Hop materials were supplied by Yakima Chief/Hop Union, John I Haas, and the 

Sierra Nevada Brewing Company. Beer production for the large scale dry-hop evaluation 

was provided by the Widmer Brothers Brewing Company in Portland, Oregon.   



 

  54 

 

Tables:  

Table 2 Geographical, processing and chemistry data of hops used for dry-hopping. Oil 
content measurements were performed at harvest in Fall 2013. Data was provided by 
Yakima Chief/Hop Union 

Level State Harvested Kiln Alpha (%) 
Total Oil 

(ml/100g) 

LOW WA 08/31/13 Natural Gas 8.2 0.6 

MED WA 09/03/13 Propane 6.2 1.2 

HIGH OR 09/01/13 Natural Gas 7.6 2.0 
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Table 3 Analysis of Variance (ANOVA) results for Overall Hop Aroma Intensity (OHAI). 
Time = dry-hopping exposure time (12 vs 24 hours). Hop = hop oil content (LOW, MED, 
HIGH). 

Factors d.f. Sum of Squares MSE F-statistic Pr > F

Time 1 44.44 44.44 1.43 0.3179

Hop 2 549.14 274.57 8.82 0.0554

Time*Hop 2 24.14 12.07 0.39 0.7082

Rep(Time*Hop) 3 93.36 31.12 13.61 <.0001

Panelist 9 115.93 12.88 5.63 <.0001

Panelist*Time*Hop*Rep 72 164.68 2.29 2.20 <.0001

Residual 360 374.40 1.04 . .
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Table 4: 2014 Cascade data provided by Hop Union/Yakima Chief, and John I Haas. alab 
assigned code.  bOil content measurements were completed at Oregon State on the day of, 
or day before the dry-hopping event. 

Codea Harvest 

Date 

Oil 

Content 

(ml/100g)b 

Farm City Kiln Type 

Kiln 

Time 

(hrs) 

Kiln 

Temp 

(F) 

Cas_1 20-Aug 0.60 Farm 3 Toppenish Propane 10.0 125 

Cas_2 23-Aug 0.70 Farm 4 Woodburn Diesel 7.0 140 

Cas_3 26-Aug 1.40 Farm 5 Salem Natural Gas 7.0 140 

Cas_4 28-Aug 1.70 Farm 4 Woodburn Diesel 8.0 140 

Cas_5 1-Sep 1.10 Farm 5 Salem Propane 8.0 140 

Cas_6 1-Sep 1.00 Farm 1 Moxee Natural Gas 9.0 125 

Cas_7 1-Sep 1.70 Farm 1 Moxee Natural Gas 9.0 125 

Cas_8 2-Sep 1.80 Farm 5 Salem Natural Gas 7.5 140 

Cas_9 2-Sep 1.30 Farm 5 Salem Natural Gas 7.0 140 

Cas_10 2-Sep 1.50 Farm 1 Moxee Natural Gas 9.0 125 

Cas_11 2-Sep 0.90 Farm 1 Moxee Natural Gas 9.0 125 

Cas_12 2-Sep 1.00 Farm 4 Woodburn Diesel 8.0 140 

Cas_13 9-Sep 1.70 Farm 1 Moxee Natural Gas 10.5 125 

Cas_14 9-Sep 1.20 Farm 3 Toppenish Propane 8.5 125 

Cas_15 10-Sep 1.70 Farm 1 Moxee Natural Gas 9.0 125 

Cas_16 11-Sep 1.70 Farm 1 Moxee Natural Gas 9.5 125 

Cas_17 13-Sep 1.90 Farm 1 Moxee Natural Gas 9.5 125 

Cas_18 21-Aug 1.00 Farm 2 Toppenish Electric 7.0 140 

Cas_19 27-Aug 1.20 Farm 2 Toppenish Electric 7.0 140 

Cas_20 
14-Aug 

0.70 
Farm 2 Toppenish Electric 7 140 

Cas_20 0.70 

Cas_21 
3-Sep 

2.10 
Farm 2 Toppenish Electric 7 140 

Cas_22 2.00 

Cas_23 
12-Sep 

2.00 
Farm 2 Toppenish Electric 7 140 

Cas_23 2.00 

Cas_24 

22-Sep 

1.75 

Farm 2 Toppenish Electric 7 140 Cas_24 1.75 
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Table 5: Beer analytical data. Data was collected using the Anton Paar Beer Alcolyzer 
System. CO2 data was collected using the Anton Paar Cbox QC device with PFD sampling 
unit. Data shown are averages across the 27 experimental units. %CV, or coefficient of 
variation displays the standard deviation of that term relative to its average. 

 Average SD %CV 

ABV (%) 4.5 0.02 0.3% 
RE (%w/w) 3.9 0.02 0.6% 
OG (%w/w) 10.9 0.03 0.3% 
pH 4.5 0.07     1.5% 
CO2 (v/v) 2.9 0.13 4.6% 
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Table 6 Mixed Model Analysis of Variance (ANOVA) on the sensory attribute OHAI. 

Source  D.F. SS MS F-stat Pr > F 

Panelist 9 2541.3 282.4 29.3 < 0.0001 

Rep 4 37.0 9.3 2.1 0.108 

Sample 26 1257.0 48.3 4.9 < 0.0001 

Panelist*Rep 36 162.5 4.5 1.0 0.549 

Panelist*Sample 234 2310.1 9.9 2.1 < 0.0001 

Rep*Sample 104 563.0 5.4 1.1 0.166 

Error 936 4431.9 4.7     
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 Table 7: results from the paired t-test on the internal blending replications.  Values shown 
are the result of n = 50 observations for the attribute OHAI 

Hop Lot Cas_20 Cas_21 Cas_22 Cas_23 

Internal Replication A B A B A B A B 

Mean Value 7.520 8.140 8.760 8.520 8.600 8.740 8.300 8.920 

Standard Deviation 2.682 2.969 2.759 2.493 2.759 2.493 2.073 2.098 

T-value -1.546 0.623 -0.380 -1.744 

p-value (two-tailed) 0.128 0.536 0.705 0.087 
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Table 8: Total Oil content (mL/100g) for the intra-lot evaluation of process related 
variation. Lots shown (Cas_20, Cas_21, Cas_22, and Cas_23) were replicated internally to 
gauge process derived variation 

 Lot ID 

Oil Content 

(ml/100g) 

Internal Rep Cas_20 Cas_21 Cas_22 Cas_23 

1 0.7 2.1 2.0 1.8 
2 0.7 2.0 2.0 1.8 
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Figures: 

Figure 2 Schematic of dry-hop process flow and blending operation. Post filtration, the 
control of dissolved oxygen levels dictated beer collection in the BBT vessel for 
carbonation and bottling 
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Figure 3 Process oxygen control throughout the study. Dissolved oxygen was measured 
post-filtration before beer collection. Packaging oxygen data was collected before, and 
during bottling operations. The control limit of 100 ppb DO was used for both processing 
steps. Beers with DO levels above this value were removed from the experiment 
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Figure 4 Mean values of Overall Hop Aroma Intensity (OHAI) in response to three 
different hop oil levels (LOW, MED, HIGH) and two dry-hopping exposure times (12 & 
24 hours).  Two true experimental replications were carried out for the 24 hour exposure 
while only one was performed at 12 hours. 
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Figure 5 Mean scores for Overall Hop Aroma Intensity (OHAI) for each internal blending 
replication. Error bars represent a single sample standard deviation on the mean.  
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Figure 6 Scatter-plot of mean values of OHAI vs Total Oil content (mL/100g). Dotted line 
represents line of best fit.   
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Figure 7 Principle Component Analysis (PCA) distance biplot of oil compositional data 
(mg/100g of hops) and OHAI. The first two principle components accounted for 71.49% 
of the variation in the data set 
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Figure 8 Plot of OHAI, Harvest Date, and Total Oil Content. 
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Figure 9 Scatter plot of Oil Content (ml/100g) and Harvest Date (CY 2014) per Farm.   
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Chapter 3: Aroma Extract Dilution Analysis: Cascade, Chinook, and 

Centennial Dry Hopped Beers 
(to be submitted to the Journal of the American Society of Brewing Chemists) 

Daniel M. Vollmer, Scott R. Lafontaine, and Thomas H. Shellhammer 

Abstract: 

Cascade, Chinook, and Centennial hops are used extensively throughout the 

brewing industry either individually or in various combinations to add hoppy aroma to 

beer. Because of their high use, there exists a need to understand the hop-derived, 

analytical profile of these varieties the beer system to enhance quality assurance 

strategies. Unhopped beer that had been dry-hopped individually with each of these 

varieties was studied using Solvent-Assisted Flavor Evaporation (SAFE) and Aroma 

Extract Dilution Analysis (AEDA) to determine the aroma compounds that contribute 

most to the dry-hop character of these hops. The analysis of beer prepared with Cascade, 

Chinook, and Centennial revealed 9, 10, and 11 character impact compounds. 

Commonalities were observed among the three varieties regarding 2-furanmethanol, 

linalool, geraniol, cis-geranic acid methyl ester, and n-decanoic acid in beer. Variation 

between the Centennial and Chinook cultivars was a function of only a few character 

impact compounds whereas Cascade was markedly different, anchored heavily by 

benzenacetaldeyde. By comparing which compounds drive flavor in the single hop beers 

we have revealed the relative similarities and differences among these three hops. This 

knowledge is important for brewers wishing to introduce potential replacement hops 

and/or reductions for these hop cultivars in the future.    
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Keywords: AEDA, Cascade, Centennial, Chinook, dry-hopped beer 

Introduction 

A comprehensive understanding of the drivers of hoppy aroma in beer is far from 

being complete. To describe the aroma of hops in beer, the results must be interpreted in 

the context of the operation that was used to add the hop to the wort or beer system. The 

primary reservoir of compounds in hops that potentiate hoppy aroma in beer is the hop 

oil, which contains upwards of several hundred compounds that could have a potential 

impact on hoppy flavor in beer27. While no single compound is responsible for hop aroma 

intensity or character, the list of analytes needs to be reduced to a reasonable number as it 

is impractical to measure each and every compound as it persists in beer as a result of the 

brewing process. Most importantly, the list needs to be reduced to the compounds that 

contribute most significantly to beer flavor on a per hop basis. According to S.S. Chang 

the compound(s) that are responsible for the sensory responses attributed to a particular 

food/beverage are considered “character impact compounds” (CIC)81.  In most cases, the 

CIC of interest are present in trace quantities and difficult to measure in the beer matrix. 

Furthermore, the list of CICs in each food is rarely longer than 10 compounds.    

Solvent-Assisted Flavor Evaporation (SAFE) was developed by Engel et. al  as a way to 

carefully extract the volatile fraction of foods by using high vacuum and low-temperature 

conditions82. Compared to the traditional Simultaneous Distillation Extraction (SDE) 

apparatus for flavor extraction originally developed by Likens & Nickerson, the SAFE 

method reduces the formation of artifacts during the extraction process. Aroma Extract 

Dilution Analysis (AEDA) is a procedure developed by Ullrich and Grosch used to 
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determine the key impact chemical compounds within a food product that are 

characteristic of that product’s principal attributes83. This technique utilizes a sensory-

directed approach combining chromatographic separation using traditional gas 

chromatography and an olfactory port that runs in parallel with the instrument’s detector. 

Simultaneously during the analysis, both the detector and the operator experience the 

same chemical. This allows the operator to describe the sensory characteristics of an 

individual compound that is a constituent of the sample. After a series of dilutions of the 

parent extract, the compounds and/or responses that remain have a greater 

importance/responsibility for the character of that food/beverage. In combination with 

SAFE, AEDA is a powerful analytical tool for investigating the CIC in different matrices. 

There have been a number of attempts to use olfactometry to study hop and beer systems 

24,52,54,55,59,68,74,75,77,84–91. The results of each must be interpreted as a function of hop 

cultivar, hop usage method, biotransformation reactions (if yeast is present), and/or 

chromatographic method and/or detector type.   

The work presented here discusses the results of a study that employs an AEDA 

of dry-hopped beers prepared individually with the Cascade, Chinook, and Centennial 

hops cultivars. The outputs of this study are twofold: (1) characterize the compounds that 

contribute strongly to individually dry-hopped beers with Cascade, Chinook, and 

Centennial to understand the similarities and differences and (2) guide future blending 

studies to manipulate cultivar-specific flavor contributions in effort to introduce new 

cultivar replacements and/or removals. 
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Experimental: 

 

Hop Material: 

Hops were received in whole cone form shortly after the 2014 harvest. Cascade 

and Centennial hops were shipped directly from the farm and packaged in inert, 4-6 kg 

foil pouches and upon arrival at Oregon State (OSU) were transferred to high barrier foil 

pouches, purged with nitrogen, sealed, and stored cold (-20°C) until needed. Whole-cone 

Chinook samples were provided to OSU from a regional brewery. Upon arrival, these 

hops were handled and stored in an identical fashion as the Cascade and Centennial hop 

samples. 

Beer Production 

Beer was brewed on a commercial scale and sourced from Portland, OR. 

Unhopped wort was prepared using 86% pale two row (Rahr, Shakopee, MN), 13.5% 

caramel 10°L and 0.5% caramel 120°L malt (Briess, Chilton, WI) to a starting 

concentration of 10.9°P. Fermentation was carried out at 18-19 °C using American Ale 

Yeast (1056 Wyeast, Hood River, OR). The finished beer attenuated to 3.9 RE (%w/w) 

and 4.5% ABV. Post clarification, iso-alpha acids (IsoHop®, Barth-Haas Group, Yakima, 

WA) were added at a concentration of 18 mg/L resulting in a 15.4 BU beer. The beer was 

carbonated (~2.6 vol/vol) and filled into 60 L stainless kegs, shipped to Oregon State 

University and held at 4 °C until dry-hopping. 

Dry-Hopping Process 

Hop grist for dry-hopping was added to mesh bags (EcoBag, Ossining, NY), and 

stored in foil pouches flushed with nitrogen until the dry-hopping event. Hop grist was 



 

  73 

 

prepared in relation to the volume of beer that it would be dry-hopped into for a final hop 

addition rate of 3.8 g/L (approx. 1 lb/US beer barrel). To prevent the hop bag from 

floating inside of the dry-hop vessel a clean, stainless steel fitting was added to the mesh 

bag with the hops for extra mass. Packaged beer was removed from the cooler at 4°C and 

transferred into sanitized, stainless steel dry-hop vessels that had been purged with 

carbon dioxide then allowed to warm for approximately 24 hours prior to hop addition. 

For dry-hopping, custom modified, 60 L stainless beer kegs with a 4” stainless re-

sealable opening (Sabco, Toledo, OH) were used.  These custom vessels were outfitted 

with a standard Sankey D-system coupler and modified spear. The temperature of the 

beer for dry-hopping varied between 12.7 – 15.5°C across all dry-hopping events for the 

duration of the exposure time.  

For each dry-hop event, two kegs each filled with 40 L of beer were temporarily 

depressurized and opened under a stream of low-pressure CO2. Simultaneously, the foil 

pouch bags were opened and the mesh bag containing hop material was added to each of 

the vessels. After the hop addition, the headspace of the dry-hop vessel was flushed and 

purged with CO2. During dry-hopping, inevitable incidences of off-gassing from the 

carbonated beer inside the keg provided a support system for reducing O2 pickup.  

After 24 hours of dry-hopping, the beer was filtered through diatomaceous earth 

impregnated cellulose pads (HS2000, Pall Corporation, Port Washington, NY) to stop the 

dry-hopping process. The two experimental replications were blended via a three-way 

fitting prior to entering the plate and frame filter. Dissolved oxygen (DO) was monitored 

during filtration and filtered beer was not collected until the DO in the beer leaving the 
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filter was less than 100 ppb. After DO was within specification, filtered beer was 

collected in a 60 L stainless steel vessel with sufficient backpressure to prevent foaming. 

Between each filter run, filter pads were replaced to reduce carry-over between lots of 

hops. Filtered beer was stored cold (1-2°C) and under pressure at 17.0-18.0 psi.  

Study Design: 

The control (unhopped) and Cascade dry-hopped beers were selected from 

another ongoing study. For that study, the beers were packaged in amber glass bottles. 

The treatments for Chinook and Centennial were prepared separately and remained in 60 

L stainless kegs and were not packaged in bottles. Each dry-hop treatment was extracted 

using the SAFE apparatus, concentrated, and analyzed using AEDA.  For the analysis, 

aroma events pertaining to the control sample were subtracted from all samples.  In some 

instances, an event and/or compound present in the control was enhanced by the 

treatment of the hop material.  In this case, the event and/or compound was included in 

the AEDA for that sample. 

Flavor Evaporation (SAFE): 

350 grams of beer and 150 mL of dichloromethane (DCM) were combined for the 

initial extraction step for each of the three hopped treatments and the unhopped control. 

The DCM used for the extractions was re-distilled before the beer extractions to remove 

impurities. 5 µL of 2-octanol was used as an internal standard and added to the beer prior 

to the addition of DCM. Beer and the solvent were added to a 500 mL separatory funnel, 

shaken and then allowed to sit for 2-3 hours. The non-polar phase, (DCM), was removed 

from the bottom of the funnel and then added to the sample side of the SAFE unit. The 

distillation flask was kept at 50°C and under high vacuum (approximately 10-4 Torr). The 
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DCM/beer extract was introduced via a high vacuum valve into the device. The low 

pressure of the SAFE apparatus vaporized the extract that then underwent separation in 

the distillation head. The receiving flask, where the final extract was collected was kept 

cold with liquid nitrogen (-200°C). Post extraction the device and receiving flask were 

allowed to warm and the extract thawed. The final extract was washed with distilled 

dichloromethane, dried with anhydrous Na2SO4 and filtered through Whatman #1 paper. 

Evaporation of residual solvent was completed using a Kuderna Danish Evaporator 

Concentrator under atmospheric conditions with the assistance of a stream of inert 

nitrogen gas. 

Aroma Extract Dilution Analysis (AEDA):  

AEDA was performed on the SAFE extract by serially diluting the parent extract 

(2n) with dichloromethane. 1µL of extract at each dilution was introduced using a Gerstel 

MPS2 autosampler (Lithicum, MD) operating in liquid injection mode. The extracts were 

injected into 7890A Agilent Gas Chromatograph coupled to a 5975C Mass Spectral 

Detector (Agilent Technologies, Palo Alto, CA). Separation was performed with an 

Agilent DB-5MS ultra inert column (30m x 0.32mm x 1.00µm). The injection was 

performed in splitless mode with an injector temperature of 260°C. The carrier gas was 

hydrogen at 2.55mL/min constant flow. The oven temperature program was as follows: 

35°C for 4 min followed by 5°C/min ramp to 180°C, 40°C/min ramp to 220°C with a 

hold for 1 min. MS parameters were as follows: transfer line temp. 280°C, source temp. 

230°C, quadrapole temp. 150°C, operation was in the scan mode from 34-300 amu in EI 

mode at 70eV. The column effluent was split using an open split interface between the 
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MSD and an aroma port (Microanalytics, Round Rock, TX). The aroma port was held at 

220°C and swept with humidified nitrogen. Olfactory data was collected using 

AromaTrax software (Microanalytics, Round Rock, TX) and a touch screen interface. 

AEDA was performed by two analysts over 10 days. For each aroma event, the highest 

aroma dilution value assigned by either analyst was used for each compound. Compound 

identification was based on a mass fragmentation pattern library match, retention index, 

chemical standard matching, and/or odor quality. Following an adapted method outlined 

by Schieberle 92, the AEDA analysis was completed over the course of a short period of 

time (9-10 days), during which both evaluators scored the control (no dry-hop), Cascade, 

Chinook, and Centennial beers by assessing odor qualities at each dilution: 1:1, 1:4, 1:6, 

1:64, 1:256, and 1:1024 on the first day and 1:2, 1:8, 1:32, 1:128, and 1:512 on the 

second day. The maximum flavor dilution of recognizable aroma between the two 

assessors was used for that compound92. 

Compound Identification & Confirmation 

Retention indices (RI) were calculated using a standard alkane mixture (carbon 

numbers 8-19). Aroma events identified during olfactometry analysis were initially 

matched based on percentage match (based on mass fragmentation data and RI) using the 

NIST database as an initial screening tool. Each aroma event was summarized by a series 

of aroma descriptors as well as using the NIST database. This initial screening provided 

guidance for a series of validations involving the pure chemical compounds potentially 

involved in the aroma event. Confirmation of each compound was achieved by injecting 

the suspected chemical standard diluted in dichloromethane. The injection to confirm the 



 

  77 

 

ID was completed under the same instrumental conditions to match the retention index 

and the mass spectral information. Ideally, the aroma event and the results from the initial 

AEDA screening would be congruent with the spectral information and retention 

time/retention index with the suspected pure chemical standard that leads to a positive ID.  

It was not possible to identify all of the odors for each sample at the olfactory port nor the 

compounds responsible for these odors.  

Chemical Standards:  

2-octanol was purchased from Spectrum (New Brunswick, NJ).  Standard alkane 

mixture (carbon numbers 8-19), Methyl geranate, furfuryl alcohol (98%), decanoic acid, 

ethyl butyrate (≥98%), gamma-butyrolactone (≥99%), heptanoic acid (≥99%), isoamyl 

butyrate (≥98%), octanoic acid (≥98%), 4-hydroxy-2,5-dimethyl-3(2H)-furanone, geranyl 

acetate (≥97%), linalool (97%), geraniol (98%), phenylacetic acid (99%), phenyl ethyl 

acetate (99%), and isovaleric acid (99%) were purchased from Sigma-Aldrich (St. Louis, 

MO). Phenylacetaldehyde (95%) was ordered from Alfa Aesar (Haverhill, MA). 

Dichloromethane for the SAFE extractions was purchased from Mallinckrodt (Dublin, 

Ireland). Dichloromethane for the AEDA dilutions was purchased from Sigma-Aldrich 

(St. Louis, MO). 

Data Analysis 

AEDA responses were provided by each operator for all of the samples. The 

AromaTrax computer software assembled the collected olfactory data and aligned each 

event with a series of selected descriptors at each FD level for all of the samples.  For the 

assembly of Table 9, events that were found only in the control sample were removed.  In 

some cases, an aroma compound present in the unhopped beer was enhanced during the 
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analysis. If this was the case, and the event remained impactful, it was included in Table 

9.  Multivariate statistical analysis was completed to understand the underlying structure 

of the data set. Practically, this approach helped identify the impact compounds driving 

the variation among Cascade, Centennial, and Chinook dry-hopped beers. Principle 

Component Analysis (PCA) utilizing the Pearson (n) correlation matrix was completed 

on the flavor dilution data. This transformed and projected the data among the three 

cultivars in the same space. The correlation matrix was used to construct the analysis as 

the scale for the flavor dilution increases in 2n increments and the distance between each 

step is highly divergent. Statistical analysis was completed using Xlstat (Addinsoft, New 

York, NY) 

Results & Discussion: 

According to Grosch, the highest dilution at which a compound can be detected at 

the olfactory port is defined as its flavor dilution (FD) factor (shown in Table 1 as FD) 83.  

The higher the dilution factor, the more persistent the compound is in the dilution 

sequence, and in turn the more important it is in terms of the of its contribution to the 

overall flavor of the sample.     

Cascade: 

The global popularity of Cascade has driven numerous bodies of work 

surrounding its chemistry as a hop plant as well as its chemistry in beer. Our AEDA 

output suggests that for Cascade dry-hopped beer, nine compounds contributed with an 

FD level greater than 4 to the character of cascade dry-hopped beer. These compounds 

are 2-furanmethanol, isovaleric acid, butanoic acid 3-methylbutyl ester, 

benzeneacetaldehyde, linalool, geraniol, phenyl ethyl acetate, cis-geranic acid methyl 
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ester, n-decanoic acid, and geranyl acetate (Table 9). Similar work by Steinhaus et. al on 

extracts made with diethyl ether from powered hop pellets, indicated that both linalool 

and geraniol (among others) are important to the flavor of Cascade hops with FD values 

of 1024, and 128 respectively 54. It is assumed that the greater FD values found the 

Steinhaus study as compared to our work were attributable to the fact that the analysis 

was completed on only hops, not hops in beer. It is likely, that a number of the 

compounds that Steinhaus detected and analyzed as important in hops do not persist into 

the beer system for a number of reasons involved in processing dry-hopped beer. The 

individual role of linalool as it relates to hop aroma in beer was more recently debated. 

Peacock more recently argued that linalool’s importance in kettle hopped beers had been 

overstated. According to Peacock it is important, but it may have a greater role in late-

hopped beers than in dry-hopped beer47. Early work by Peacock et. al on floral hop aroma 

using Cascade suggested that linalool, geraniol, and other geranyl esters are involved in 

the floral component of Cascade hop flavor in beer46. Our results are in agreement with 

this observation showing linalool, geraniol, geranyl acetate at FD values of 64 (fruity, 

tropical), 8 (musty, floral), and 128 (sweaty, cheesy, earthy). The fatty acid decanoic acid 

was also detected at an FD of 16 (anise, musty, floral, minty, sweaty) respectively for 

Cascade in the dry-hop system. According to Kishimoto et. al, linalool, geraniol, and to a 

lesser extent, n-decanoic in the context of Cascade, are important in terms of their 

CHARM values in beer55.  

Centennial: 
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The analysis of Centennial hops aroma in dry-hopped beer resulted in 11 unique 

aroma events (Table 9). Of high importance (FD≥64) were the compounds isovaleric 

acid, 2-furanmethanol, butyrolactone, linalool, octanoic acid, benzeneacetic acid, and n-

decanoic acid 2,5 dimethyl-4-hydroxy-3(2H)-furanone. To a lesser extent (FD≤32) were 

the contributions of compounds such as cis-geranic acid, unknown-1, as well as geraniol. 

These compounds though not present at higher FD values still play a role in Centennial 

hop flavor in dry-hopped beer. Work by Feng in 2014 performed AEDA on distilled and 

fractionated hop oil. According to Feng, Centennial hop material can be characterized 

primarily (i.e. FD>64) by  geraniol, isovaleric acid,  vanillin, linalool, myrcene, diacetyl, 

and octanoic acid 68. Our work is in alignment with the work by Feng with regards to 

Centennial in the beer system. The FD values in our work suggest the importance of 

linalool, geraniol, as well as isovaleric acid in the context of the Centennial beer system. 

In addition, Feng also found isovaleric and octanoic acid in the hop material. These 

compounds are associated with aromas that are subjectively negative, resembling cheese, 

sweat, and rancidity. In general, when comparing the work by Feng, the values in the 

beer system are lower than in the hop material. The compound 2,5 dimethyl-4-hydroxy-

3(2H)-furanone (FD=64) is characteristic of pineapple aroma as shown in both Rodin et. 

al and Tokitomo et. al 93,94. In their work, it is described as burnt pineapple, sweet, and 

caramel-like which is in alignment with its aromatic display in the Centennial extract 

Table 9. 

Chinook:  
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This investigation of character impact compounds in Chinook hops will serve as 

one of the first in-depth flavor investigations of this hop cultivar in dry-hopped beer. The 

AEDA output displayed the second greatest amount of impactful aroma events among the 

three varieties examined in this study. Of high importance (FD≥128) for Chinook were 

the compounds 2-furanmethanol, butyrolactone, linalool, geraniol, n-decanoic acid, and 

an unknown compound (unknown-4) with a musty aroma that still requires identification 

(Table 9). To a lesser extent, but still important in terms of contribution to flavor and 

aroma are the compounds heptanoic acid and unknown-2 (GC-O: fruity) and unknown-3 

(GC-O: fruity, strawberry). The investigation into the impact compounds for Chinook 

will provide guidance and focus within the larger suite of hop aroma analytes to best 

characterize and measure its performance in dry-hopped beer. 

Commonalities across the three cultivars: 

The consistent presence of compounds across the three cultivars in the beer 

system with FD values greater than four is shown for several compounds. This illustrates 

the point that some compounds are present in all three cultivars but persist at different 

dilution levels in the extract of dry-hopped beer. These compounds are 2-furanmethanol, 

linalool, geraniol, cis-geranic acid, and n-decanoic acid (Table 10). With regards to just 

linalool, this compound decreases in importance with the FD highest value being in 

Centennial, followed by Chinook, then Cascade. Geraniol is of equal importance to 

Cascade and Centennial (FD=8) but far greater in terms of contribution to Chinook.  

Variation between the three cultivars 

Principle Component Analysis was completed on the AEDA outputs and echoes 

the results shown in Table 9. The projected space across the three principal components 
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explained 100% of the variation in the data using the Pearson correlation matrix (Figure 

10).  PC1 is heavily anchored by a number of the analytes, primarily in the negative 

direction. The compounds benzeneacetaldehyde, isoamyl butyrate, geranyl acetate, 

phenyl ethyl acetate, heptanoic acid, as well as unknown 1 and 3.  PC2 in the negative 

direction is associated with geraniol and unknown-4.  Whereas this positive dimension is 

defined by the compounds octanoic acid, linalool, and to a lesser extent benzeneacetic 

acid.  Upon rotation, PC3 reveals an additional variation component, primarily in the 

positive direction with compounds butyrolactone, cis-geranic methyl ester, and 2-

furanemethanol.   

The components of PC1 are strongly associated in the negative direction with the 

Cascade cultivar.  Centennial and Chinook were more aligned with the components of 

PC1 but more so with PC2 in the positive and negative directions respectively. Upon 

rotation, PC3 reveals the remaining 26.71% of the variation. Cascade lies nearly 

orthogonal to both Chinook and Centennial in PC3. In this dimension, Centennial and 

Chinook lie in proximity to one another.  Benzeacetaldehyde is heavily associated with 

both Cascade and PC1 in the negative direction and also in the positive direction of PC3. 

This is in accordance with both the high FD value (FD=1024) as well as its presence in 

only the Cascade dry-hopped beer extract. Cascade also only features the compounds 

isoamyl butyrate (FD=256) phenyl ethyl acetate (FD=4), and geranyl acetate (FD=128). 

Centennial is uniquely characterized by the compounds octanoic acid (FD=256), 

isovaleric acid (FD=128), benzeneacetic acid (FD=128), 2, 5-dimethyl-4-hydroxy-3(2H)-

furanone (FD=64), and unknown-1 (FD=8).  Chinook dry-hopped beer is characterized 
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by several unknown compounds (unknown 2-4, FD=32, 32,128) as well as heptanoic acid 

(FD=32). The projected three-dimensional space illustrates that Centennial and Chinook 

are relatively similar but markedly different than Cascade.   

Centennial and Chinook have several compounds in common which are best 

illustrated in PC3 of the PCA. Worth mentioning is butyrolactone; this compound is only 

present in Centennial (FD=512) and Chinook (FD=64).  Additionally, other compounds 

are impactful in all three cultivars, but to a lesser extent in Cascade, these are 2-

furanemethanol, n-decanoic acid, and linalool. Cis-geranic acid is also present in all 

three, but most impactful in Centennial (FD=512) and is weighted similarly for FD in 

Chinook and Cascade (FD=32).  

Pedigree  

Cascade (USDA 56013) was created via a cross in 1956 between [Fuggle x 

(Serebrianka-Fuggle S)] and an unknown male plant via open pollination. Chinook was 

created via a cross between Petham Golding x Brewer's Gold. Centennial was created via 

a cross between (Brewer's Gold2 x Fuggle-Fuggle Seedling) x (Brewer's Gold2 x East 

Kent Golding - Bavarian Seedling). Given the pedigrees of these cultivars; Centennial 

(USDA 21507) and Chinook (USDA 21226) share an ancestral relative in Brewer’s Gold. 

This genetic commonality may be one reason for the similarities in their character impact 

compounds. Individually, Brewer’s Gold is typically described as spicy/fruity; this 

connection with Brewer’s Gold may describe why Centennial and Chinook have a higher 

FD for both linalool and 2-furanmethanol as the aroma event for these compounds both 

were described by GC-O generally as fruity.  
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Potential Limitations: 

Many factors in both the brewing process as well as sample preparation during 

SAFE extraction could lead to the absence of aroma events in AEDA and therefore 

subsequent identification. For instance, the hopping rate, hopping method, and/or hop 

cultivar play a considerable role in terms of brewing and beer production. The absence of 

4-mercapto-4-methyl-2-pentanone (4MMP), a compound associated in other published 

studies regarding Cascade hop flavor could be attributed to a number of these reasons. 

Though preliminary work (data not shown) resulted in the tentative identification of 

4MMP (via RI match of aroma event), it was not positively identified in this study. 

Dating back to the early reviews on hop oil28 as well as more recent works 27 the role of 

polyfunctional thiol compounds in hops and their contribution to beer flavor has been 

well stated72,95. Of particular interest to Cascade, and a marked aroma property of the 

hop, 4MMP was elucidated as a key hop compound by both Kishimoto et. al and 

Steinhaus et. al54,55. This molecule has been researched in beer 55,75,91,96 and when present 

in trace quantities plays a considerable role in Cascade hop flavor with a distinct Muscat, 

black-currant, aroma reminiscent of Sauvignon Blanc wine 55,96,97.  In 1981, Seaton et. al 

alluded to the role of sulfur compounds, then described as negative, in beer flavor. He 

went on to suggest that thioesters in particular vary from year to year as well as within a 

single year98. Though a different, albeit similar, class of compounds, this idea supports 

the work completed by Kishimoto et. al showing that there is variation within in a single 

cultivar on a per region basis for the content of 4MMP99. Although not detected due to 

analytical limitations of instrumentation used in this study it is possible that some of the 
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unknown compounds may be attributed to sulfur-containing analytes. The absence of 

compounds, some of which have been commonly attributed to these cultivars does not 

mean they are not important.  

Some of the work related to Cascade hop flavor was completed using an 

instrument that features a detector which is either highly selective such as the pulsed 

flame detector (PFD) for sulfur compounds75 or high resolution chromatography 

(Multidimensional GC-MS, TOF-MS, QQQ-MS)26,52,54. By not using this detector, or a 

detector with a similar sensitivity and selectivity we would be unable to detect any or all 

polyfunctional thiols analytically. However, we would be able to smell a compound 

resembling the character of 4MMP, which would omit it from Table 9, or label it as 

“unknown.”  Also, there is evidence suggested by Gros et al. that these polyfunctional 

thiols exist in both the free and bound form 24,25. If 4MMP happened to be present in a 

more bound form than free, then hydrolysis via yeast enzymes would be required for 

liberation and subsequent odor activity. Yeast was not present for any of the dry-hop beer 

preparations in this experiment.  

In regards to sample preparation and handling, the solvent used for extraction 

could induce radical and/or artifacts formation or compounds of importance could have 

evaporated during sample handling. The AEDA protocol as well chromatographic 

parameters all influence the output (e.g. column type, length, oven temperature program) 

and detection methods (i.e. selective detectors, mass spectrometer sensitivity). In 

summary, these results must be interpreted in the context of dry-hopping and the 

chromatographic method mentioned above.  
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Conclusion: 

AEDA showed the importance of 9, 10, and 11 analytes for the Cascade, 

Chinook, and Centennial dry-hopped beers. For Cascade, this work is in alignment with 

other bodies of work suggesting the importance of linalool, geraniol, geranyl acetate and 

n-decanoic acid.  An additional analyte that strongly contributes to Cascade hoppy aroma 

in beer is benzeneacetaldehyde, this compound was present at the maximum diluted level.  

In addition to this compound, and unique to Cascade, is phenyl ethyl acetate at an FD 

level of 4.  Missing from this analysis, and most likely a function of the method herein is 

the presence of 4MMP. This contradicts other bodies of work as this is a character impact 

compound for Cascade hops and beer prepared with Cascade hops.  

AEDA on Chinook dry-hopped beer in this study serves as the first report of the 

character impact compounds associated with this cultivar in the beer system.  Chinook 

dry-hopped beer is characterized by 2-furanmethanol, butyrolactone, linalool, geraniol, 

cis-geranic acid methyl ester, n-decanoic acid, heptanoic acid, and 3 unknown 

compounds unique to Chinook.  The investigation of Centennial dry-hopped beer serves 

as one of the first in-depth characterizations of this hop in the beer system. This hop’s 

character in beer is defined by isovaleric acid, 2-furanmethanol, butyrolactone, 2,5 

dimethyl-4-hydroxy-3(2H)-furanone, linalool, octanoic acid, benzeneacetic acid, 

geraniol, cis-geranic methyl ester, and n-decanoic acid as well as a single unknown 

compound that is unique to Centennial. Of interest is the importance of medium-chain 

length fatty acids, octanoic and to a much greater extent decanoic acid in relation to 

Centennial. These in combination with isovaleric acid can be described as sweaty and 

cheesy. In the case of the ladder, this compound can form as a result of side-chain 
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degradation of hop bitter acids and persist into the beer system.  The other two 

compounds were reported by Kishimoto in the context of Cascade, not Centennial, with 

regards to CHARM analysis. The impactful nature of these compounds in Cascade 

suggests that their presence in other cultivars would not be out of the question.  

This work suggests that when compared to Chinook and Centennial, Cascade dry-

hopped beer is markedly different. The practical outcome surrounds the similarities in 

profiles when extracted and analyzed using AEDA. If indeed the similarities in 

compounds, not FD level, are congruent between Chinook and Centennial there is 

potential to reduce the use of one and increase the use of the other to match flavor 

profiles.  This potential could benefit both large and small brewers who wish to purchase 

less of one cultivar and/or blend in the other in incidences of shortages.  If the 

compounds that characterize the flavor of each are remotely similar, there is the potential 

for an overlap in their aroma performance characteristics in a dry-hopped beer system. 

The focused analytical profile is of value for these cultivars as they are used 

ubiquitously throughout the brewing industry to add hop aroma to beer. As the 

availability and cost of certain cultivars changes on a year-to-year basis, both the hop and 

beer industry benefit from an understanding of what makes hop varieties unique and what 

makes them different when added to beer. Future studies will be directed using this flavor 

analysis data to best understand blends of these hops and options for replacements in the 

context of the important flavor compounds and the sensory response that they elicit. 
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Tables: 

Table 9: Aroma Extract Dilution Analysis (AEDA) of Cascade (CAS), Chinook (CHI), and Centennial (CEN) Dry Hopped Beer.  Table 
shows events with a flavor dilution value greater than or equal to 4.  (FD>4) 
 

DB-5a Compound Odor Qualitiesb 
FD  Valuec 

CAS CHI CEN ID d 

896 Isovaleric Acid Cheesy, Sweaty, bread-like   128 MS, RI, CI 

860 2-Furanmethanol Pineapple, Fruity, Strawberry 4 512 256 MS, RI, CI 

927 Butyrolactone Bready, Musty, Dog Food  512 64 MS, RI, CI 

 Unknown-1 Malty, bread-like   8  

1115 Heptanoic acid Sweaty, Cheesy  32  MS, RI 

1059 Isoamyl butyrate Strawberry, Tropical 256   MS, RI, CI 

1060 Benzeneacetaldehyde Cotton Candy, Candy 1024   MS, RI, CI 

1082 2,5-Dimethyl-4-hydroxy-3(2H)-furanone Cotton Candy, Candy, Peach, Pineapple   64 MS, RI, CI 

1105 Linalool Fruity, Tropical 64 256 512 MS, RI, CI 

 Unknown-2 Fruity  32   

1201 Octanoic acid Buttery, Toffee   256 MS, RI, CI 

 Unknown-3 Fruity, Strawberry  32   

1261 Benzeneacetic acid Floral, Sweaty   128 MS, RI, CI 

1256 Geraniol Musty, Floral 8 128 8 MS, RI, CI 
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DB-5a Compound Odor Qualitiesb 
FD  Valuec 

CAS CHI CEN ID d 

1268 Phenyl ethyl acetate Fruity, Tropical 4   MS, RI, CI 

1284 cis-Geranic acid methyl ester Anise, Musty, Floral, Minty 32 512 32 MS, RI, CI 

1377 n-Decanoic acid Anise, Musty, Floral, Minty, Sweaty 16 512 1024 MS, RI, CI 

 Unknown-4 Musty, Unknown  128   

1387 Geranyl acetate Sweaty, Cheesy, Earthy 128   MS, RI, CI 

 aKovat's Retention Index 

bOdor Qualities perceived at the olfactory port 

cFlavor Dilution Value, dilution factor at which the last perceived stimulus was detected by the operator 

dIdentification Method: MS: mass spectral identification, RI: retention index confirmation with olfactory event CI: chemical standard 
identification using pure analytical standards  
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Table 10: AEDA showing compounds present in all three dry-hop preparations featuring Cascade, Centennial, and Chinook hops  
 

RI ID Compound Odor Qualities 
Flavor Dilution Value 

CAS CHI CEN 

860 2-Furanmethanol Pineapple, Fruity, Strawberry 4 512 256 

1105 linalool Fruity, Tropical 64 256 512 

1256 Geraniol Musty, Floral 8 128 8 

1284 cis-Geranic acid methyl ester Anise, Musty, Floral, Minty 32 512 32 

1377 n-Decanoic acid Anise, Musty, Floral, Minty, Sweaty 16 512 1024 
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Figures: 

Figure 10: Principle Component Analysis of the entirety of the FD data among the (3) hop 
cultivars.  (a) biplot of PC1 & PC2 explaining 73.29% of the variation in the data (b) biplot 
of PC1 & PC3 displaying an additional 26.71% of the variation in the data set.   
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Chapter 4: Aroma properties of lager beer dry-hopped with oxidized 

hops 
(to be submitted to the Master Brewers Association of the Americas Technical Quarterly) 

Daniel M. Vollmer, Victor Algazzali, and Thomas H. Shellhammer  

Abstract: 

We observed qualitative changes in the chemical and aroma profile of Hallertauer 

Mittelfrüh (HHA) hops after storage under pro-oxidative conditions. It was hypothesized 

that lager beer dry-hopped with oxidized HHA would impact both the qualitative 

attributes related to “noble” hop aroma in the finished beer and influence consumer 

acceptance. Lager beer was dry-hopped using both properly stored and oxidized hops at 

two different hopping rates (3.8 g/L, 1.5 g/L). Trained panelists using descriptive analysis 

evaluated the beer dry-hopped at 3.8 g/L. At this dosing rate, significant qualitative 

changes were observed in the beer as a result of using oxidized hops showing differences 

in the attributes, Woody and Herbal, which are associated with “noble” hop aroma. 60 

consumers rated their acceptance of the beers dry-hopped at a lower rate of 1.5 g/L and 

no significant difference in overall liking was found between the hop preparations. While 

changes in hop oil chemistry occur as a result of oxidation, these changes may not 

adversely affect overall liking of beer prepared with oxidized hops but may serve as a 

way to enhance “noble” hop aroma in lager beer.  

 

Keywords: dry-hopping, Hallertauer Mittelfrüh (HHA), Consumer acceptance, oxidation 
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Introduction: 
The prevalence of hop-forward beers in the craft segment has resulted in products 

with higher levels of hop derived bitterness and aroma. Brewers often seek methods to 

enhance the sensory characteristics of beer to highlight unique ingredients and/or 

processing methods. In terms of hoppy aroma in beer, US craft beers are dominated by 

aromas reminiscent of, but not limited to citrus, pine, and tropical fruit. Alternatively, the 

other side of the hop aroma spectrum is comprised of qualitatively different 

characteristics. Researched from both a chemistry and sensory perspective 36–42 in the 

1980s and 1990s, “noble” or “kettle” hop aroma is generally characterized as herbal, 

spicy, woody. Typically, this type of hop aroma is lower in overall intensity and presents 

itself in traditional German, Czech, and/or American lager beer styles.  

While oxidative changes in hops are generally viewed as negative, there is both 

anecdotal evidence within the brewing industry as well as published literature indicating 

that mild oxidation can enhance aroma in some cultivars, notably “noble” varieties. 

According to a review by Meilgaard in 2001, to preserve the elusive noble hop aroma that 

was said to be “lost” during pelletization, Hallertauer Mittelfrüh (HHA) hops could be 

cold-stored for 1-2 years to develop and stabilize aromatic precursors100. However, he 

suggested that this process was not reinforced by sensory data but rather a generally 

recognized belief by brewers. Peacock in 1980, acknowledged the importance of oxidized 

hop compounds and how they contribute to noble hop aroma 39. In 1985, Foster showed 

that aging of HHA resulted in increases in the aroma potential in beer when compared to 

the “fresh” version. In the work, the “hoppiness potential” or Sigma value was shown to 

increase for HHA36. He suggested that HHA (and other hops cultivars) could benefit from 
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intentional aging when trying to enhance “noble” character. Brewing trials completed by 

Lam showed that “aged” HHA hops produced a beer that was sensorially more 

herbal/spicy compared to the same beer brewed with “fresh” hops 37. The research 

completed by Lam coincides with Peacock’s initial hypothesis that oxidized compounds 

are critical to “noble” hop aroma in beer.  

More recently, Belgian researchers, have made considerable progress 80,85,86,101–104 

in this area. By using modern separation technology in conjunction with gas 

chromatography-olfactometry (GC-O), they have used a sensory-directed approach to 

qualitatively identify regions of chromatograms as “spicy.” By resolving these complex 

regions of hop oil extracts in combination with GC-O, they have identified highly flavor 

active zones that feature a class of compounds designated as oxygenated 

sesquiterpenoids. By doing so, they have shown that this class of compounds as a driver 

for “noble” hop, or kettle hop character. 

Previous work in the Shellhammer lab  has shown qualitatively that changes occur 

as a result of exposing HHA hop material to prooxidative conditions 105. GC-O revealed 

stark changes in the aroma profile of oxidized HHA hop pellets compared to a 

counterpart that had been stored under inert conditions. The oxygen-induced changes 

favored aromas reminiscent of “noble” hop character, namely those related to herbal, 

spicy, and woody aromas. Semi-quantitative analysis of the same hops using GC-MS 

revealed that changes were occurring primarily with humulene oxide, humulene epoxide 

II, caryophyllene oxide, and caryophyllenol II.  It is possible however that many of the 

compounds were not resolved and/or detected by the single-quadrapole mass 

spectrometry in this experiment.  
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Exposing HHA hop material to conditions that favor oxidation induce chemical 

changes. Based on the aforementioned accounts, these changes will amplify “noble” hop 

aroma in the HHA cultivar. If these treated hops are added to lager beer as dry-hops post-

fermentation, it is hypothesized that the oxidized hop material in beer will display 

enhanced “noble” hoppy aroma characteristics in beer.    

The research herein examines the sensory impact of oxidized HHA hops in a dry-

hopped lager at two different hopping rates. The objectives were twofold: to determine if 

trained panelists could perceive and describe differences in beer dry-hopped with 

oxidized and non-oxidized hops and gauge consumer acceptance of the same treatments.  

Experimental: 
Pelletized (T90) Hallertauer Mittelfrüh (HHA) hops were donated by two 

different commercial breweries. Hop oxidation was performed by exposing the pelletized 

hops to a single dose of pure oxygen in sealed glass jars for two weeks at 38°C (oxidized) 

or by daily replenishing the storage atmosphere with pure oxygen over the two week 

period (super-oxidized).  Control samples were stored at -20°C after being purged with 

nitrogen and stored in foil pouches.   

Two different base beers and hopping rates were used in this study.  For beer 

destined for trained panel descriptive analysis, wort was prepared using 66% pale 2-row 

malt (Great Western Malting, Vancouver, WA), 32.5% Clearsweet-95 (Cargill, Wayzata, 

MN) and 1.5% acidulated malt (Weyermann, Bamburg, Germany) and the finished beer 

was dry-hopped at 3.8 g/L (~1 lb/US beer barrel). For beers destined for the consumer 

study, the wort was prepared with 98% pale 2-row malt (Great Western Malting, 

Vancouver, WA) and 2% acidulated malt (Weyerman, Bamburg, Germany) and dry-
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hopped at 1.5 g/L. Both worts were fermented using a lager yeast (2124, Wyeast, Hood 

River, OR) at 8-10°C. Bitterness for both worts was standardized at 15-20 mg/L of iso-

alpha acids (IsoHop®, John I Haas, Yakima, WA).  

For the study involving the higher hopping rate, green beer was filtered (i.e. yeast 

removed), and cold conditioned prior to dry-hopping. The hopping regime at 1.5 g/L was 

completed in the presence of yeast before cold conditioning. Treatment hop material for 

dry-hopping was placed in weighted, sealed mesh bags. Bags with hops were placed into 

foil pouches, purged with nitrogen and sealed until the dry-hop addition. Beers were dry-

hopped at a rate of 3.8 g/L and 1.5 g/L and exposed to hops for 72 hours at 15.5°C. Dry-

hopping was arrested by filtering the beers via a plate and frame device (HS2000 filter 

pads, Pall Corp. Port Washington, NY). The resulting finished beers were carbonated for 

sensory evaluation. 

Study 1: evaluation of dry-hopped beers at 3.8 g/L using trained panelists 

Descriptive Analysis:  

Nine trained panelists were asked to evaluate the dry-hopped lager beers for both 

taste and aroma. Evaluation took place in six sessions over the course of three days. 

Within each session, all panelists observed all treatments and presentation order was 

randomized across all sessions and for all panelists. For the taste and orthonasal 

evaluation, panelists were provided with 75 mL of dry-hopped beer in a covered 150 ml 

glass. Presentation order was randomized across all panelists. The treatments included the 

lager base with three dry-hop preparations of HHA hops (control, oxidized, super-

oxidized) at a dry-hopping rate of 3.8 g/L (~1 lb/US beer barrel). Prior to data collection, 

two training sessions were conducted to develop a lexicon that best described the beer 
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aroma and taste attributes. Six aroma attributes (woody, herbal, floral, fruity, earthy, and 

sweaty) and two taste attributes (bitterness intensity and metallic) were scaled using a 7-

point categorical scale (0 = none to 7 = high).  Descriptive analysis results were assessed 

using a mixed model, two-way analysis of variance (ANOVA) panelist, sample, and 

replication effects and their two-way interactions. Fixed effects included sample and 

replication and all two-way interactions while random effects were assigned to the 

panelists and all corresponding interactions. Post-hoc analysis was completed using 

Tukey’s Honest Significant Difference for multiple comparisons at a significance level of 

(p<0.05). Difference tests prior to consumer evaluation were completed on a bench scale. 

This data were analyzed using a z-test for proportion. Data analysis was completed using 

XlStat (Addinsoft, New York, NY) 

Study 2: evaluation of dry-hopped beers at 1.5 g/L using consumers 

Consumer Acceptance 

A commercially representative hopping rate of 1.5 g/L (~0.4 lb/US beer barrel) 

was used for consumer evaluation. Consumers were chosen based on public requests 

and/or volunteerism. Sensory assessments were completed in dedicated sensory booths 

using Compusense Sensory Software (Compusense Inc. Guelph, Canada) as the human-

computer interface to collect hedonic data. A randomized complete block design was 

used whereby subjects were treated as a block and the presentation order was randomized 

for each subject. For the evaluation, 30-45 mL of beer was provided covered in a 150 mL 

glass. Consumers were presented with a single sample and ask to gauge overall liking 

using a 9-point hedonic scale (0 = dislike very much to 9 = like very much). To gain 

insight into the lexicon used by consumers to describe beer attributes, a list of 11 
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descriptors that are commonly used to describe both hop derived aroma and flavor were 

provided. The list included the following: citrus, floral, herbal, spicy, woodsy, grassy, 

onion/garlic, burnt rubber, cat urine, piney, and cedar. The frequency of use by 

consumers was captured to determine the top four attributes selected by each subject. 

Free-choice attribute selection was completed after the acceptance test for each sample to 

avoid bias surrounding a single attribute. The data provided by consumers were analyzed 

using the paired t-test to compare the acceptance information. Attribute frequency was 

tabulated and summarized using the four most occurring attributes as rated by the panelist 

for each beer preparation. Data analysis was completed using XlStat (Addinsoft, New 

York, NY). 

Results: 

Study 1: Descriptive Analysis  

Each sample was observed 54 independent times (9 panelists and 6 replications). 

In terms of panel performance, ANOVA revealed a significant main effect for panelists, 

for all of the attributes with the exception of fruity and earthy. The interdependency 

between panelists and sample was also significant for the attributes: woody, herbal, 

fruity, and sweaty. These two effects are to be expected in sensory analysis as panelists 

commonly perceive sensory stimuli differently. However, there were no effects of 

replication nor interactions between panelists and replications or an interdependency 

between replication and sample for all evaluated attributes.  Practically, this means 

groupwise the ratings provided for the attributes for a given replication did not depend on 

the sample or replications in which it was observed. The results indicate a significant 

main effect of sample for the qualitative aroma and taste attributes: Woody, Herbal, 
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Metallic, and Bitterness Intensity (Table 12). The mean values for the control sample 

were rated lower across all of the significant attributes compared to both oxidized 

treatments (Table 13). Post-hoc analysis using Tukey’s HSD revealed that the lager beers 

prepared with oxidized HHA hops were significantly different than the control, but not 

from each other, for the attributes: woody, herbal, metallic, and bitterness intensity.  

Study 2: Consumer Acceptance  

Prior to testing with consumers, trained panelists experience the dry-hopped beers 

prepared at 1.5 g/L to assess differences. Eight of the ten trained panelists were able to 

discern the difference between the two treatments (Table 11) thereby establishing the 

existence of a significant difference between the two hop treatments. The consumer panel 

was comprised of 29 males and 31 females, ranging in ages from 21-65 years old.  A 

majority of the consumers were less than 35 years of age (68%). Over half of the 

consumers acknowledged that they consumed beer on a regular basis, and nearly a third 

consumed lager beer on a weekly basis. Data were collected for consumer acceptance on 

both dry-hop preparations. The results of the paired t-test on the mean values for 

consumer acceptance showed no significant difference between the two hop preparations 

in lager beer (Figure 11, p = 0.5). Average scores in liking for the lager prepared with 

oxidized HHA hops (5.9 on a 9 pt scale) equated to between "like slightly" and "neither 

like nor dislike" but directionally towards "like slightly." The lager beer prepared with 

properly stored hops, labeled “control” had a similar mean score of 5.8 describing nearly 

the same degree of liking. The results of the free-choice attribute selection showed that 

the beer prepared with the oxidized hops was described as citrus, floral, woodsy, and 
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grassy. The panelists described the beer prepared with control HHA hops similarly using 

the terms: citrus, floral, herbal, woodsy, and grassy (Figure 12). 

Discussion: 

Beers prepared with oxidized HHA hops were qualitatively different than those 

made with hops that had been stored without oxygen. The changes were more evident in 

the analytical technique as the heated zones of a gas chromatograph are designed to 

volatilize aroma compounds by using temperatures far exceeding those found in the 

human mouth. From a sensory perspective, these were perceived and described only by 

trained panelists at an elevated hopping rate (3.8 g/L). At a lower hopping rate (1.5 g/L) 

consumers did not show any significant difference in acceptance between the hop 

preparations. From the perspective of the trained panelists, the beer prepared at an 

elevated hopping rate, differed in both aroma and flavor characteristics. The changes that 

occurred for the aroma attributes woody and herbal align with the chemistry in previous 

work completed by both Lam et. al and Peacock et. al 37,39. Moreover the hypothesis that 

the oil of certain hop varieties, as in this instance Hallertauer Mittelfrüh, can benefit from 

aging is also substantiated36.  

The measured increase in bitterness intensity is likely attributed to the oxidative 

changes that occur to the bittering acids. As recently reported by Algazzali and 

Shellhammer oxidized alpha acids (humulinones) contribute to the bitterness of beer as 

the oxidation reaction in hops influences the polarity of the alpha acid10. The same can be 

said for the beta acid portion, however to a lesser extent10. Humulinones are prevalent in 

beers as a result of the dry-hopping process. This was observed in a survey of commercial 

beers from the Pacific Northwest49. The two oxidized treatments were both rated higher 
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and different than the control sample in terms of bitterness intensity and the metallic 

attribute (Table 12, p=0.003, p<0.0001, respectively). The cause of this sensory change is 

hypothesized to be related to the increase in bitterness intensity. If dry-hopping with 

oxidized hops had benefits in terms of aroma, an unintended consequence could be the 

addition of oxidized alpha acids to beer; this may explain the changes in the bitterness 

intensity.  

In the study completed by Goiris et. al, there is directional alignment in the 

enhancement of “noble” attributes in a late-hopped lager system102.  A supercritical fluid 

(SCF) extract of (cv.) Hersbrucker was prepared and subsequently fractionated using 

solid-phase extraction (SPE) to isolate the sesquiterpenoid fraction. Coincidentally 

according to Foster, Hersbrucker falls into the same category as HHA and can also 

benefit from aging, in terms of increased hoppy aroma potential36. The results of Goiris 

support the work presented herein showing that the levels of “spicy” (related to noble hop 

aroma) character increased as a result of adding the sesquiterpenoid fraction of hop oil to 

beer when prepared and purified by SCF/SPE.  Similarly, the work completed by Praet et. 

al shows that after boiling the hop oil to catalyze the formation of oxidized 

sesquiterpenoids of (cv.) Saaz hops and adding the oil directly to beer, sensory scores for 

the attributes citrusy, spicy, and hoppy all increased80. Our work complements these 

studies; supporting the notion that by chemically changing hop oil and favoring oxidation 

the ratings are influenced for attributes commonly associated with “noble” hop character 

in beer such as woody and herbal. Though the primary focus of the work from Belgian 

groups surrounds these in kettle hop systems, modifying the hop material itself by 
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exposure to prooxidative conditions has potential to be a novel method to dose noble hop 

character into beer systems via dry-hopping.    

The hopping rate used for the descriptive analysis was 3.8 g/L (~1 lb/US beer 

barrel). This rate is at or around the level commonly utilized in craft brewing 

operations106. In the context of HHA, this rate is relatively elevated and it resulted in 

aromatic differences that were detected by the trained panelists during descriptive 

analysis. The reduction in the hopping rate for the consumer evaluation to 1.5 g/L (~0.4 

lbs/US beer barrel) was justified as it better represents the more common usage level for 

HHA globally, although it is still somewhat high relative to mainstream global lager 

brands. The majority of the use for HHA is by large brewing operations and represented 

in brands prepared using lower hopping rates. These comprise a considerable share of the 

global beer market.  

Consumers of lager beer used similar terms to describe hoppy aroma in lager beer 

that was prepared with both the control and oxidized HHA hops. Attributes used by 

consumers provide valuable insight into the way consumers qualitatively evaluate beer 

aroma. It is worth mentioning that consumers did use the terms woody, herbal, and floral 

to describe both preparations. Suggesting that the consumers were receiving stimuli in 

accordance with the central hypothesis of this project, but did not appear to like one 

preparation over the other.  

Conclusions: 

Consumer acceptance of dry-hopped lager beer was not significantly impacted by 

using oxidized Hallertauer Mittelfrüh hops. From the perspective of the trained panel, 

manipulating hop storage conditions can favor the increase in compounds related to 
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“noble-like” aromas such as woody and herbal. The trained panel results highlight this as 

a novel method to impart hop-derived nuance into lager beer.  An unintended 

consequence of adding oxidized hops to enhance noble hop character may be the increase 

in bitterness intensity. The panelists detected a significant difference in intensity possibly 

related to oxidized hop compounds such as humulinones and hulupones.   

Surprisingly, the qualitative changes measured by trained panelists did not result 

in changes that were entirely negative. Given the knowledge about how these compounds 

form in hops and their critical role in kettle, or noble hop flavor, a method for forming 

and dosing these compounds into beer would benefit the hops and brewing industries. 
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Tables: 

 
Table 11: Results from the triangle test showing the calculated Z-scores and resulting p-
values (one-tailed). 8 out of 10 panelists selected the different sample correctly (CT = 
properly stored, OX = oxidized) 
 

Comparison %Correct  Z-Value P-value 

CT v OX 80% 2.8 0.0026 
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Table 12: Analysis of Variance (ANOVA) using a mixed model on the descriptive analysis output.  Both the p-value and below, the F-
are displayed for each effect and interaction on a per attribute basis  
 

Effect Woody Herbal Floral Fruity Earthy Sweaty Metallic Bitterness 

Intensity 

Panelist 
0.041 0.002 0.026 0.147 0.123 0.041 0.010 0.001 

3.93 8.52 6.48 1.91 2.55 3.35 15.54 28.23 

Rep 
0.566 0.208 0.304 0.822 0.144 0.649 0.104 0.892 

0.79 1.51 1.25 0.43 1.76 0.67 1.97 0.33 

Sample 
0.022 0.020 0.082 0.149 0.085 0.149 < 0.0001 0.023 

4.93 5.05 2.94 2.15 2.89 2.15 18.69 4.84 

Panelist*Rep 
1.000 0.998 0.999 0.883 0.982 0.926 0.997 0.990 

0.29 0.42 0.40 0.71 0.54 0.66 0.44 0.51 

Panelist*Sample 
0.007 0.004 0.122 0.001 0.128 0.040 0.287 0.219 

2.31 2.46 1.50 2.98 1.48 1.84 1.20 1.30 

Rep*Sample 
0.429 0.189 0.858 0.184 0.985 0.359 0.724 0.621 

1.03 1.42 0.54 1.43 0.28 1.12 0.70 0.81 
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Table 13: Mean values of attributes across three different dry-hop preparations in lager 
beer. Values in parentheses are standard deviations. *, **, Attributes are significant at 
p < 0.05 and p < 0.001. NS attributes are not significant (p > 0.05). Significance of 
attributes is derived from the full mixed model with panelist interactions. Sample 
means with different superscripts are significantly different from one another at p<0.05 
by Tukey’s HSD test. 
 

Attribute Control Oxidized 

Super 

Oxidized 

Woody* 
1.74b 

(1.47) 
2.93a 

(1.64) 
2.85a 

(1.63) 

Herbal* 
1.57b 

(1.38) 
2.78a 

(1.97) 
2.52a 

(1.87) 

FloralNS 1.37 

(1.26) 

2.09 

(1.40) 

1.78 
(1.31) 

FruityNS 1.91 

(1.23) 

2.74 

(1.51) 

2.39 

(1.46) 

EarthyNS 1.43 

(1.28) 

2.02 

(1.27) 

2.17 

(1.54) 

SweatyNS 0.63 

(1.10) 

1.04 

(1.35) 

1.24 

(1.30) 

Metallic** 
2.37b 

(1.34) 
3.74a 

(1.23) 
3.57a 

(1.41) 

Bitterness 
Intensity* 

1.22b 

(1.71) 
1.87a 

(1.71) 
2.06a 

(1.97) 
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Figures: 

Figure 11: Frequency of responses from the acceptance test collected from the 
consumer acceptance evaluation between control and oxidized HHA dry-hopped lager 
beer (n=60). 
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Figure 12: pie charts showing frequency of attribute responses collected from the 
consumer acceptance evaluation between control and oxidized HHA dry-hopped lager 
beer (n=60). 
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Chapter 5: Dry hopping on a small scale – considerations for 

achieving reproducibility 
(to be submitted to the Master Brewers Association of the Americas Technical 

Quarterly) 
Daniel M. Vollmer and Thomas H. Shellhammer 

Abstract: 

Dry-hopping is a technique widely practiced by brewers to add hop aroma to 

beer.  The technique can also be used on a small scale to evaluate the aroma potential 

of hops in beer.  This format has practical uses for hop breeders, brewers, and hop 

suppliers.  Our investigations of small-scale dry-hopping have identified a significant 

amount of variability in the aroma intensity and profile of dry-hopped beers as 

measured by sensory analysis.  A systematic approach at reducing the variability in a 

pilot-scale dry-hopping process was successful in reducing this variability.  This 

method entailed improved whole-cone hop sampling techniques, increasing the 

volume of beer that was dry-hopped, and blending two single dry-hop events during 

filtration for a single treatment.  In addition to these process changes, oxygen control 

acted as an appropriate quality assurance strategy and appeared to contribute to the 

reduced variability in the aroma intensity of dry-hopped beer prepared on a pilot 

scale.  The outputs of this work suggest that small-scale dry-hop evaluations are 

prone to variability and that simple modifications to account for variation in hops and 

beer handling can reduce this variability for the purposes of pilot scale evaluations.   
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Introduction 

Numerous studies have been completed at Oregon State to investigate the role 

of hops in the context of dry-hopping48,49,60. Dry-hopping is a technique whereby hop 

material is added post-fermentation to beer for the purpose of adding hop aroma to 

beer without introducing significant bitterness. Dry-hopping can also be used as a tool 

on a small scale to evaluate the aroma potential of hops. For instance, hop breeders 

use this method during the late stages of the breeding process to evaluate selections 

for brewing trials.  Brewers may also use small-scale dry-hopping as a way to 

evaluate hops before purchasing, investigate process/ingredient changes, or for 

research and development purposes. The results of small-scale trials can provide 

information to make decisions regarding aroma potential, process improvements, 

and/or hop replacements. This work is of interest to the hop and brewing communities 

because dry-hopping at a small-scale is approachable and easy to execute, however it 

may be prone to high variability and this could confound results.  

We have observed that small-scale dry-hopping experiments are subject 

variation. For example, a project that investigated hop aroma intensity and total hop 

oil content utilized small-scale dry-hopping to evaluate different levels of hop oil in 

beer. The sensory scores (data not shown) revealed a significant amount of variability 

in the replications of dry-hop treatments that could not be attributed to panelist 

inconsistency. All of the panelists were scaling hop aroma similarly and identifying 

replication variability in the samples as a group. These results were unexpected but 

revealed the practical importance of understanding the variable nature of small-scale 

dry-hop experiments. We hypothesize that the source of variation with small-scale 
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dry-hop experiments originates in two areas: the hop sample inhomogeneity and the 

dry-hopping process.   

In the context of sampling hop material, specifically whole-cone hop material, 

there are potential issues with inhomogeneity. When using brewers’ cut of hops, the 

sample may not be large enough to fully represent the entire hop bale nor the true 

qualities of the hops from a given field.  Given this sampling bias and a fixed hopping 

rate for an evaluation, when the volume of beer being dry-hopped is reduced to a pilot 

scale, the amount of hops being used is equally reduced and difference among 

individual hop cones exacerbate finished product consistency.   

 The dry-hop operation itself can also introduce variability into the process, 

particularly when working with small volumes. Dissolved oxygen (DO) has a known 

deleterious effects on beer flavor 34,35 and DO control becomes much more difficult 

on a small scale. The introduction of even small amounts of oxygen have the potential 

to make a much larger, negative impact due to the small volume of beer that being 

exposed..  On a larger, commercial scale, dissolved oxygen may be introduced during 

processing but it is often diluted with large volume of beer and thus the finished 

product has a lower total dissolved oxygen concentration.  

The work herein describes the outputs of three separate studies that were 

designed with an overarching objective to reduce variability, as measured by sensory 

panelists, during small-scale dry-hopping.  These studies investigated the effect of 

improved hop sampling techniques, increased beer volumes, blending dry-hop events 

into for a single treatment and quality assurance measures such as dissolved oxygen 

control. The goal of making these improvements was to provide panelists with 
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reproducible samples that were representative of the parent hop material in finished 

beer. 

Materials & Methods: 

Beer Production: 

For the first of two studies, pale ale base was prepared in the Oregon State 

Pilot Brewery. Wort was produced from a grist bill composed of 98% 2-row (Great 

Western Malting, Vancouver, WA) and 2% acidulated malt (Weyermann Specialty 

Malting Co, Bamburg, Germany). Iso-alpha-acids (IAA) (Barth-Haas Group, 

Yakima, WA) were added to the kettle to control for bitterness at a rate of 20 mg/L. 

Fermentation was carried out using ale yeast (1056, Wyeast, Hood River, OR)  at 

20°C for 7-8 days and held for an additional 3-days for VDK reduction. The resultant 

beer had a final alcohol content of 5.7% ABV and a residual extract of 4.5 (% w/w). 

Post fermentation, the beer was cooled to -1°C and filtered using a plate and frame 

device with cellulose filter pads (HS2000, Pall Corporation, Port Washington, NY).  

For the third study, 40 hL of beer was prepared on a commercial scale by a 

regional brewery in Portland, OR. Unhopped wort was prepared using 86% pale two 

row (Rahr, Shakopee, MN), 13.5% caramel 10°L and 0.5% caramel 120°L malt 

(Briess, Chilton, WI) to a starting concentration of 10.9°P. Fermentation was carried 

out at 18-19 °C using Wyeast 1056 ale yeast attenuating to 3.9 RE (%w/w) and 4.5% 

ABV. Post clarification, iso-alpha acids (IsoHop, Barth-Haas Group, Yakima, WA) 

were added at a concentration of 18 mg/L resulting in a 15.4 BU beer. The beer was 

carbonated and filled into 60 L stainless kegs, shipped to Oregon State University and 

held at 4 °C until dry-hopping. 
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Dry-Hopping Methodology: 

Small scale dry-hopping was carried out by homogenizing a large amount of a 

single lot of whole cone hops with an industrial meat grinder.  The amount of hop 

powder grist prepared far exceeds the experimental requirements at a fixed hopping 

rate. This hop grist powder then sampled and added to weighted, mesh bags and then 

placed into high-barrier foil pouches, purged with nitrogen, sealed, and stored cold (-

20°C) until dry-hopping. For dry-hopping, the bag containing the hops was removed 

from the high barrier pouch immediately before the addition to beer.  During this 

addition, the top of the vessel was opened while CO2 was flushed (5-10 psi) through 

the headspace. The hops were added to beer and the vessel was briefly agitated to 

hydrate the hops. In all experiments, hops were exposed to beer for a fixed time of 24 

hours. All of the experiments were carried out in a temperature-controlled room that 

ranged from 12-15.5°C during the dry-hop events. To stop the dry-hopping process, 

hopped beer was filtered using plate and frame filtration with diatomaceous earth 

impregnated cellulose filter pads (HS2000, Pall Corporation, Port Washington, NY). 

In the case of study two and three, beers were blended in advance of filtration using a 

three-way fitting. After filtration, beers were stored cold (~2 °C) and carbonated in 

preparation for packaging and sensory evaluation.  

For all studies, dissolved oxygen was monitored during processing. In the 

third study beer was both monitored and discarded based on a maximum dissolved 

oxygen specification of 80 ppb during filtration and 100 ppb during packaging.   

Sensory Methodology: 
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To determine the level of variation between the dry-hop treatments, beers 

were assessed by ten trained panelists using sensory descriptive analysis.  Panelists 

were experienced evaluators of dry-hop aroma in beer, particularly with the attribute 

overall hop aroma intensity (OHAI).  For all of the evaluations, the attribute OHAI 

was scaled by the panelists using a 0-15 point scale and orthonasal evaluation.  50-60 

mL of beer was provided in a covered glass for the purposes of evaluation.  For each 

trial (with the exception of Study 3), all of the panelists experienced the all of the 

treatments in a single session. Statistical analysis of the data was completed using 

XLstat (Addinsoft, New York, NY) using mixed-model ANOVA and posthoc Tukey 

HSD analysis. For study 3, the four replicate pairs were part of a large evaluation of 

dry-hopped beers.  For data analysis, these pairs were analyzed separately using the 

paired t-test to measure the variation. This test compared the mean scores between 

n=2 replications of a single hop lot in dry-hopped beer. 

Experimental Approach - Study 1: 

The first trial investigated the modifications of using increased beer volumes 

and improved hop preparation techniques at two different hopping rates: 1.9 g/L and 

3.9 g/L (approximately 0.5 and 1.0 lb./barrel).  At each dry-hopping rate, three single 

dry-hop events were prepared (n=3) as shown in Figure 13 (a).  For hop preparation, a 

single lot of Cascade hops was homogenized using an industrial meat grinder to 

process the whole cone material as discussed earlier. For this study, all hop treatments 

were prepared for dosage into 40 L of unhopped base beer. Dry-hopping was arrested 

by passing the beer through a plate and frame filter as described earlier. Throughout 

processing dissolved oxygen was monitored.  As described earlier, beer was packaged 
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and measured using sensory analysis for the single attribute, OHAI.  The sensory 

analysis was completed to assess the variability across the three replications within 

each hopping rate to determine if the hop preparation method and the increased hop 

concentrations acted to reduce variability in the dry-hopped beer replicates.   

Experimental Approach - Study 2: 

In the second trial, the blending of single dry-hop events was evaluated.  In 

addition, modifications applied in study 1 were also performed (i.e greater hop 

concentrations and improved hop preparation techniques).  Blending the single dry-

hop events for the same lot of hops, or “averaging” the liquid properties between two 

vessels was hypothesized to further reduce the variation in the system. Six hop 

treatments were prepared using a single lot of Cascade hops at a single hopping rate 

(3.9 g/L). Of the six, two kegs remained unblended (n=2) and 4 kegs were blended 

into 2 separate kegs (n=2) as illustrated in Figure 13 (b). Due to processing 

constraints, 20 L of beer was used for this experiment at each level. The dry-hopping 

process was completed for 24 hours and then arrested using plate and frame filtration 

as described earlier. Finished beer was carbonated and packaged for measurement 

using sensory analysis with the attribute OHAI.  The sensory analysis was carried out 

to observe the variation in sensory scores between the blended and non-blended dry-

hopped beers to determine if the blending process reduced the variability in the aroma 

profile of dry-hopped samples. 

Experimental Approach - Study 3: 

In the third and final trial, all of the previously mentioned improvement 

methodologies, in addition to oxygen control were applied in an effort to evaluate the 
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effect on the variability. Oxygen control implies that the beer was not collected until 

the post-filtration dissolved oxygen was below a set specification (<80 ppb).  This 

was also the case during the packaging operation and beer was discarded until the 

dissolved oxygen in the bottle was below <100 ppb.  

 This final trial evaluated the improvements of blending single dry-hop events 

during filtration, increase beer volumes (40 L), improved hop preparation techniques, 

and oxygen control. Four different Cascade hop lots were dry-hopped using the 

aforementioned blending technique. For this trial, the blending process itself was 

replicated an additional time for each lot to compare the variability between blending 

replicates as described Figure 13 (c).  Sensory analysis was completed on the 

blending replicates as part of a larger study evaluating dry-hop aroma.  For the 

purposes of this study, OHAI scores for each individual sample were evaluated 

randomly throughout the larger study. The sensory scores of the pairs using OHAI 

(n=50) were statistically compared using paired t-tests.   

Results & Discussion: 

Study 1: 

The outputs of the first trial suggested that increased hop concentration and 

improved hop preparation techniques did not adequately reduce the variability in the 

dry-hopped beers. Panelists were able to describe differences in OHAI among the 

replications (n=3) that were nested within each hopping rate. Post-hoc analysis using 

Tukey’s HSD revealed 4 distinct groups that were independent of hopping rate as 

visualized in Figure 14. The variation, as measured by the panelists was directionally 

decreasing, however the level variability was still unacceptable.  
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Study 2: 

Blending dry-hop treatments for a single lot acted as a source of variation 

reduction. In the case of this experiment, the non-blended treatments were also low in 

variation between replicates. Post-hoc analysis via Tukey’s HSD revealed two 

distinct groups, blended and non-blended (Figure 15).  It was clear that the reduction 

strategies were resulting in a system with less variability but not distinctly a function 

of blending or non-blending dry-hop events. The mean scores for OHAI from the 

second study showed that differences within each group were not statistically 

different in terms of the variability in the system. In summary, the results from trial 

two provided inconclusive results as to the benefits of blending with respect to 

variability in the aroma profile of dry-hopped beers prepared with the same hop 

material. 

Study 3: 

Using the sensory hop aroma intensity response OHAI, panelists were unable 

to detect differences between the replicates for the same lot (Figure 16). The paired t-

test output suggests that the mean values between the internal process replications for 

each of the 4 individual lots were not statistically different (Table 14). Practically, 

this demonstrated that the cumulative steps taken to reduce variability were 

successful.  

Conclusions: 

On a small-scale, dry-hopping is more variable than one might expect.  This 

variation can be attributed to the dry-hopping operation itself or a function of using a 

small amount of hop material per the volume of beer, or both. Systematically, we 
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were able to address the problem of variability in our dry-hopping process in the 

Oregon State Pilot Research Brewery. The following modifications resulted in a dry-

hop system low in variability: preparing a large amount of hop powder grist, 

appropriate sampling of the grist material, dry-hopping at a greater volume of beer 

(40 L) in duplicate, and blending before filtration. Additionally, measuring and 

controlling oxygen during filtration and packaging proved to reduce the variability of 

the small-scale dry-hop process. While there was no direct investigation of the role of 

oxygen as it relates to either process derived variation and/or hoppy aroma in beer, 

oxygen is known to negatively affect beer flavor from a stability perspective.34,35  

The cumulative effect of these improvements successfully reduced the 

variation during small-scale dry-hopping in terms of aromatic intensity. These 

process development projects revealed that small-scale, or pilot scale dry-hop 

experiments are prone to sources of variation that are either hop material and/or 

process derived. The authors recommend homogenizing whole-cone material in 

advance of the addition to beer and that pilot scale dry-hopping be performed at a 

volume of at least 20 L in duplicate. Oxygen control is recommend and if this is not a 

possibility then immediate examination of the beer samples soon after preparation is 

suggested. Finally, it is important to recognize that small scale dry-hop experiments 

are subject to inherent variation. Careful process control and monitoring can lead to a 

more effective examination of hops in beer. The primary goal is to capture the true 

aroma potential of a hop cultivar in way whereby any observed variation can be 

attributed to the difference in the hop and not simply artifacts of the dry-hopping 

process.   
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Tables:  

Table 14: Examining the effect of internal/experimental dry-hopping relication on 
overall hop aroma intensity (OHAI) across four different lots of Cascade hops. Paired 
t-test results are shown comparing the four (4) internal processing replications.  
  

Hop Lot Cas_20 Cas_21 Cas_22 Cas_23 

Internal Rep 1 2 1 2 1 2 1 2 

Mean OHAI 7.5 8.1 8.8 8.5 8.6 8.7 8.3 8.9 

Standard Deviation 2.7 3.0 2.8 2.5 2.8 2.50 2.10 2.10 

t-value -1.55 0.62 -0.38 -1.74 

p-value (2-tailed) 0.128 0.536 0.705 0.087 
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Figures: 

Figure 13: schematic of the three trials evaluating sources of variability in the dry-
hopping process. (a) trial 1 evaluated improved hop sampling, increased beer volumes 
at two different hopping rates, and utilized DO monitoring (b) trial 2 evaluated 
improved hop sampling, increased beer volumes, blending single dry-hop events during 
filtration and utilized DO monitoring (c) trial 3 evaluated improved hop sampling, 
increased beer volumes, blending during filtration, as well as DO monitoring and 
control. In (c) the process was completed in duplicate for four (n=4) separate lots of 
Cascade hops.   
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Figure 14: Mean values for OHAI from trial 1 evaluating variability across three 
replications (n=3) at two different hopping rates. Sample means with different 
superscripts are significantly different from one another at p<0.05 by Tukey’s HSD 
test. Error bars represent ±1 standard deviation on the mean value.  n = 80 sensory 
observations per mean (10 panelists, 8 replications). 
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Figure 15: Mean values for OHAI from trial 2 evaluating variability reduction 
comparing blending dry-hop events (n=2) to non-blended dry-hop events (n=2). 
Sample means with different superscripts are significantly different from one another 
at p<0.05 by Tukey’s HSD test. Error bars represent ±1 standard deviation on the mean 
value.  n = 50 sensory observations per mean (10 panelists, 5 replications). 
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Figure 16: Mean scores for Overall Hop Aroma Intensity (OHAI) for each internal 
blending replication. Error bars show the sample standard deviation on the mean. 
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General Conclusions: 
Dry-hopping is used by brewers to dose aroma into the beer without having 

excessive bitterness.  We have learned that it is a complex operation with many 

factors involved regarding the hop plant, hop farming/processing, and beer 

production. The overarching theme of this work was to elucidate primary factors in 

the hop plant relating to hoppy aroma in beer from both sensory and analytical 

perspectives. Adjacent to these projects, we sought to develop and troubleshoot a 

pilot-scale dry-hopping methodology to ensure it was reproducible and accurately the 

qualities of individual hop lots.   

The work presented in this thesis found no correlation between hop oil content 

(ml/100g) and Overall Hop Aroma Intensity (OHAI) in the dry-hopped beer. This 

observation came after examining 23 lots of Cascade hops, featuring 15 unique total 

oil contents from the 2014 harvest when they were presented in dry-hopped beer. 

These beers were evaluated by trained panelists who were able to describe differences 

in intensity. However, these differences did not align with the central hypothesis that 

Cascade hops with more oil result in a dry-hopped beer with greater hop aroma 

intensity. Secondary to this examination of total oil content, the individual 

components of hop oil (i.e. hop oil compounds) do not associate with OHAI in the 

dry-hopped beer. This lack of association shows that the current suite of hop aroma 

analytes in essential oil are not adequate indicators of performance in the beer system. 

It is hypothesized that the relationship between hop oil components and hoppy aroma 

in beer will require different modeling strategies to elucidate.  The link between oil 
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compounds and beer aroma performance will be tremendously powerful at all levels 

of the supply chain.   

In an effort to elucidate hop oil content in dry-hopped beer, we have 

developed a dry-hopping process at Oregon State University. During the early stages 

of development, single-event dry-hopping resulted in samples that were highly 

variable when using the same lot of hops, as measured by trained panelists.  This 

initial discovery prompted an examination of our dry-hopping process and subsequent 

redevelopment to reduce process-derived variation.  Our current dry-hopping method, 

as measured in the second study in Chapter 2 (and adjacently in Study 3 within 

Chapter 5) displays little to no variation as measured by the panelists. This method 

includes improved hop sampling, dry-hopping using a beer volume of 40 L in 

duplicate, and blending prior to filtration.  Downstream of the filter and in advance of 

packaging, oxygen control was implemented to better control the quality of the beer 

evaluated by the panelists.  The cumulative effect of these improvements successfully 

reduced the variation in the dry-hop system as measured by the panel.  Big picture, 

the process development projects revealed that small-scale, or pilot scale dry-hop 

experiments are prone to sources of variation that are either hop material and/or 

process derived.  It is suggested that implementing process improvements can act to 

reduce process-derived variation and showcase hop material in an accurate and 

precise manner on the pilot scale.  

After the dissection of hop compounds in dry-hopped beer, we have an 

improved understanding of key-impact odorants in dry-hopped beers prepared with 

Cascade, Chinook, and Centennial hops. Gaining knowledge as to what hop aroma 
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compounds in beer contribute most to their unique flavor is valuable from a quality 

control perspective. There are a considerable number of compounds derived from 

hops in beer for a number of reasons and many of them are unimportant to the 

character of a particular hop.  By reducing and focusing the list to those that have the 

greatest impact, a more accurate flavor assessment can be achieved for the hops in 

question when dosed into beer.  Most importantly, understanding what makes these 

cultivars similar and different in the beer system will provide brewers guidance 

during hop shortages so they can act to effectively substitute hops when needed.  A 

multivariate approach using PCA suggests that the cultivars Chinook and Centennial 

are similar (based on a number of odorants) but very different than Cascade in dry-

hopped beer. 

There is anecdotal evidence as well as early accounts in the literature that 

hoppy aroma in beer can be enhanced when certain hop cultivars are exposed to 

prooxidative storage conditions. The aromas developed during this storage are 

associated with “noble” hop character and reminiscent of European lager beer styles. 

The chemistry and sensory behind these changes were heavily investigated in the 

early 1980s and 1990s but work still continues. Given this understanding of beneficial 

oxidation, we hypothesized that adding oxidized hops to lager beer would enhance 

the noble hop aroma characteristics and not effect consumer acceptance. Our results 

show that intentional oxidation, as measured by trained panelists enhanced the 

“noble” character in lager beer with changes in the attributes woody and herbal. With 

respect to taste, increases in the level of metallic and bitterness intensity were also 

observed.  Though these could be seen as sensory consequences, they support the 
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work of others that suggests oxidized hop acids can increase the bitterness intensity in 

beer. Not only does oxidation, a process generally recognized as negative, actually 

enhance noble hop aroma in beer prepared with HHA hops, it can be used in 

combination with dry-hopping as the point of addition. 

Brewers are constantly seeking techniques to add nuance and unique flavors 

to beer. There is a comprehensive understanding of the parameters that outline the 

bitterness potential of hop material in beer, and a similar level of knowledge about 

bitterness in beer.  Brewers need a similar set of tools to measure and assess hoppy 

aroma in beer from a quality perspective.  To develop an understanding it is critical to 

take the current knowledge regarding hops, in this case, hop essential oil and evaluate 

its role in beer.  Recall that the purpose of dry-hopping is to leverage the aromatic 

hop oil components from the hop and add them to beer.  It is the quality of the oil, not 

the quantity that dictates the display of hoppy aroma in the finished beer. 
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Future Work: 
Understanding the factors that contribute to hoppy aroma in beer present 

numerous challenges to researchers. The dynamic nature of the beer industry would 

suggest that by the time we figure out hoppy aroma, consumers may not desire beers 

with a hoppy aroma.  It is my most sincere hope that this is not the case.   

The primary thrust of the work in this document surrounds constructing a 

predictive model to elucidate markers in hops that are related to high levels of hoppy 

aroma in beer.  The benefits of such a model alleviate the subjective nature of hop 

evaluation and will provide support at each level of the industry supply chain. In the 

best case scenario, this model can be applied to all cultivars, not just Cascade. 

However, as my studies have revealed, the hop is a complex plant and its presentation 

becomes more complex when added to the beer system. More likely, a cultivar-

specific model would be required to describe the compounds in each hop that 

contribute to its value.  This would give hop growers the tools to maximize the value 

of hop and provide brewers guidance to purchase the highest quality material, based 

on cultivar specific parameters, with respect to the aroma. 

Hops warrant an investigation on a per-cultivar basis and therefore beers 

prepared with them also require a similar approach.  Using multivariate statistical 

tools, an analytical technology that captures a large amount of data on the hop 

material can be used to understanding the sensory characteristics of those hops in the 

beer system on a per-hopping technique basis.   

Furthering this would involve connecting sensory responses to beer 

performance (intensity and quality) on for a given cultivar.  This would be ideal for 
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understanding materials and their relationship to hoppy aroma in beer and provide 

QA approach to hoppy aroma in beer.  Studies can be conducted perpendicular within 

the brewing process to understand how different hopping methodologies, yeast, and 

processing factors influence the display of hoppy aroma in finished beer. 

There are comprehensive and well executed bodies of work that currently 

exist independent of one another. By this I am referring to the fact that each research 

group that investigates hops and hoppy flavor in beer uses different techniques, 

methods, beer recipes, hopping rates, hop cultivars, sensory methodology, and 

panelists. This diversity in methodology presents a tremendous challenge when trying 

to connect work in an effort to move the field forward. Future work should involve 

control and agreement on the methods used to research beer in order to make progress 

in this area of understanding. Agreed upon methods would allow research to progress 

at a more rapid rate and corroborate work among laboratories.   

 

 

Good luck.   
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