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a b s t r a c t

Brewing with large fractions, up to 100%, of raw unmalted grains from certain Mediterranean old wheat
varieties, is experimentally shown to be technically feasible, leading to beers retaining all the basic
features of traditional products, as well as showing potentially healthy qualities, in terms of total
polyphenol content and antioxidant activity, comparable to 100% barley malt beers. Beer has become the
worldwide most consumed alcoholic beverage and, although few global players and standardized
products dominate its market, craft breweries have quickly spread out in many countries. Nevertheless,
severe issues have arisen about the economic sustainability of microbreweries, mainly due to high initial
capital investment, energy costs, scale, and sometimes taxation. Recently, a breakthrough, cheaper, and
more efficient brewing technology based on controlled hydrodynamic cavitation has been introduced,
whose applicability to raw unmalted grains from typical old wheat varieties is experimentally demon-
strated, leading to results comparable with traditional techniques but at a fraction of the cost, opening a
new way to increase the profitability of craft microbreweries. In turn, profitably brewing a fraction of old
wheat varieties could represent a viable support to the upscaling of the respective cultivation, the latter
representing a necessary condition to relieve the economic sustainability issues and improve the envi-
ronmental sustainability. Along with the high, renowned nutritional and healthy value of certain old
wheat varieties in comparison to modern ones, their spreading could contribute to both lowering the
environmental footprint of the cereal sector and improving the public health, as well as contributing to a
prospective and environmentally very favorable shift of the human diet from animal-source proteins to
plant-source proteins.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

It has long been known that shifts in food production and
consumption, involving cereals, generate profound effects upon
many categories of the environmental burden of the agricultural
and food sector. An updated review of the present state of the art
was offered by the special volume of the Journal of Cleaner
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Production entitled “Towards eco-efficient agriculture and food sys-
tems”, whose articles, along with many previous ones, were
comprehensively reviewed by Sala and co-authors (Sala et al.,
2017).

Italian authors investigated farming practices leading to mini-
mization of the environmental burden from rainfed durum wheat
cultivations under Mediterranean conditions (southern Italy),
finding that a minimization of soil operations (no tillage), coupled
with a suitable rotation with nitrogen-fixing legume crops, could
increase the wheat yields and improve most categories of the
environmental impact (Ali et al., 2015).

Lately, the same authors found that under optimized farming
practices, including reduced nitrogen fertilizing and suitable rota-
tion, the greenhouse gases (GHG) emissions could be lowered by
over 70% both per unit area and per kilogram of produced wheat,
with respect to conventional farming (Ali et al., 2017). Their results
highlighted the wide room left for decisive improvements at the
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farming level, and showed consistency with another study con-
cerning a farmers’ cooperative in north-eastern Italy (Fantin et al.,
2017).

A recent study compared the production of equivalent amounts
of animal-source proteins obtained from intense farming, and
plant-source proteins, showing that the former production model
was muchmore expensive in terms of land area (2.4e33 times) and
GHG emissions (2.4e240 times) (Di Paola et al., 2017). The main
reason for such striking differences was found in the very limited
conversion rate e around 15% - of plant-source proteins into
animal-source ones available for human consumption in the
respective production model, leading the authors to advocate a
widespread compression of livestock-dedicated cultivations,
mainly cereals and legumes, while increasing the respective pro-
duction for direct human consumption. The same authors pointed
out that adequate intake of plant-based proteins in the human diet
could be achieved by suitably combining cereals and other protein-
rich crops such as legumes, therebymatching the important above-
described requirement for further reducing the environmental
footprint of low-input durum wheat cultivations (Ali et al., 2017,
2015). Overall, it appears that the combination of low-input
farming with a shift in consumers’ habits, could allow cutting
GHG emissions down to a small fraction, likely even around 1%, as
well as land consumption, the latter down to 10% or less, compared
with current figures.

In another paper of the above-mentioned special volume,
Sonesson and co-authors introduced more advanced functional
units than the simple mass-based one, i.e. “gram protein”, “gram
digestible protein” and a more complex unit involving the digest-
ible intake of the nine essential amino acids (Sonesson et al., 2016).
Because of the new normalizations, the assessment of few key
environmental impact categories for different food products, such
as global warming potential, land use and freshwater ecotoxicity,
clearly improved after accounting for the products’ nutritional
value. However, neither the impact upon the public health, along
with connected environmental and economic costs, nor additional
food properties contributing to a healthy diet, such as antioxidant
compounds and activity, were considered.

In a further article of the same special volume, authored by
Spanish scholars, the nutrition, dietary and public health issues
were much more central to an original assessment of the impact of
carbon-based food taxes on the mitigation of the carbon footprint,
by acting on the consumption side (García-Muros et al., 2017).
Given the high food expenditure rate upon cereals (on average,
22.9%), along with the highest emissions attributable to meat and
dairy products, as shown above in this Section, at least in Spain the
proposed tax leverage was assessed to trigger a shift of consump-
tion towards cereals, vegetable and fruit and, it was argued, a
healthier diet due to reduced intake of calories, proteins, and
saturated fats, as well as increased intake of fibers.

However, admittedly, the proposed taxation would be slightly
regressive, although that flaw could be eased by adjusting the
taxation itself, as well as quantitative economic health benefits
associated with improving diets remained unaccounted. Moreover,
cereals fell under a unique categorywithout distinction, and further
health benefits from possible increased uptake of especially healthy
substances were not considered.

Certain old wheat varieties are renowned for the respective
nutraceutical properties, mostly due to greater concentration of
powerful antioxidant compounds (AOC), mainly flavonoids, as well
as of both soluble and insoluble fibers (Di Silvestro et al., 2016;
Dinelli et al., 2011; Leoncini et al., 2012; Migliorini et al., 2016).
Among those varieties, some of the most interesting are grown in
Tuscany, Italy (Ghiselli et al., 2010).

Moreover, a substantial contribution to the nutritional quality of
some old wheat varieties derives from the greater concentration of
selected minerals fundamental of the human metabolism, among
which zinc, which was found to be particularly abundant in few old
landraces such as Verna (Migliorini et al., 2016). That mineral was
recently indicated as a very important element reducing the risk of
some cancer, cardiovascular and diabetic diseases, especially for
populations with cereal-rich diets (Zyba et al., 2016).

Based on the widespread use of cereal products in the Medi-
terranean diet, the transition to healthier raw food ingredients
could significantly improve the consumers' health, reducing the
associated social and sanitary costs, increasing labor productivity
and possibly reducing the sanitary-related environmental burden.
So far, to the best knowledge of the authors, possible benefits
related to a shifting to healthier diets, as to the components directly
concerning the consumers’ side, remained unaccounted in life cycle
assessment (LCA) studies under both the economic and environ-
mental sides.

About the environmental footprint of typical old wheat vari-
eties, an LCA study of the bread supply chain in Europe revealed
critical issues affecting low-input grain farming (Kulak et al., 2015).
In particular, while quite obviously low-input farming lowers most
parameters of the environmental footprint per unit of cultivated
area, the same is far from obvious when coming to the impact per
unit quantity of final product, largely due to the lower yields and
consequent larger overall cultivated area, greater fuel and elec-
tricity consumption, larger infrastructure on the farming side. The
scale issue adds to offset the benefits brought by lower input of
fertilizers and pesticides: e.g., the common practice of direct selling
small volumes of products to end consumers, or to small shops,
produces a far larger fuel consumption per unit product on the
distribution and consumers’ side.

According to the latter authors, a significant spreading of typical
old wheat varieties in Europe could be afforded due to plenty of
supplies, with imports rising over domestic production, and
declining agricultural land. However, overcoming the respective
niche scale, and leading to a relief of the transportation issue,
would require a constraint on consumption of the overall products
or their composition (Kulak et al., 2015).

Indeed, the economic sustainability of typical old wheat vari-
eties has been limited by lower yields than modern ones, despite
their gradual increase (Ghiselli et al., 2010). However, in case of
organic or low-input biodynamic crops, the yield gap further re-
duces, while few typical old wheat varieties grown under low-input
farming practices, such as Verna, stand out for the respective nu-
traceutical properties (Dinelli et al., 2011).

While it would be interesting to check how the yield gap re-
duces, based on more significant yield metrics, such as the above-
mentioned ones (Sonesson et al., 2016), some authors pointed out
that the yield of some old landraces, such as emmer and spelt,
yielded similar to bread wheat under organic farming, while
enjoying a higher protein content (Konvalina et al., 2014). The same
authors argued that the same old hulled wheat species would be
particularly suitable, showing high nitrogen efficiency expressed as
protein yield per unit area, for spring sowing in marginal areas of
cereal production, which are prone to winter damage and low
productivity, and where organic farming is the norm.

In a study devoted to arbuscular mycorrhizal fungi inoculation
for micro-nutrient uptake of durum wheat from the soil, in
particular iron and zinc, Ercoli and coauthors found that an increase
of wheat protein content occurred only in unfertilized plots, i.e.
under low nitrogen availability common to organic farming prac-
tices (Ercoli et al., 2017). The same authors found as well that, in
response to inoculation, the old wheat variety under study (“Sen-
atore Cappelli”) undergone a significant enlargement of its root
system, potentially improving the respective water and nutrient
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uptake, as well as pest resilience. Therefore, current research is
showing that the already superior nutritional value of certain old
wheat varieties could be further improved, while at the same time
increasing production security and yield, showing big perspectives
for the overall sustainability of those cultivations.

Anyway, economic turmoil, increased price volatility, depen-
dence of farming costs (fuel, nutrients and chemicals) upon the
price of fossil fuels, constrain the space and increase the risk of
investments in the overall agricultural and food sector, let alone the
risk of shifting towards lower yield crops (Sommerville et al., 2014;
Timmer, 2017). The wheat commodity price has indeed suffered a
recent downfall, closely following the oil price and threatening
farmers’ margins (IndexMundi, 2017).

In demographically depressed European countries, among
which those bordering the Mediterranean, limited perspective
exists for further expansion of the domestic cereals market, as well
as the economic stagnation and the associated downward pressure
on the demand side restrain from imposing any sort of food taxes
with possible regressive consequences, such as the above-
mentioned proposed ones (García-Muros et al., 2017).

Consequently, a significant spreading of typical old wheat va-
rieties could only occur if such products could be exploited more
profitably, which, along with scientific and technological
advancement in cultivation practices, would require either political
intervention e e.g., substantial tax exempts, which however can
hardly become structural e or the partial contribution from effec-
tive alternative uses, beer-brewing representing an attractive
candidate due to the ongoingmarket trends, as discussed in Section
2.1. In particular, the technological proof of more efficient brewing
of typical old wheat varieties foreshadows a new purely market-
based sustainability roadmap for the respective spreading, built
upon farm-level craft microbreweries using 100%, or a lower frac-
tion, of such wheat varieties in the respective beer recipes, able to
contribute to the farmers’ net income.

The main aims of this study are the following:

� Proving the technical feasibility and quality of beers brewed
from up to 100% raw unmalted grains from typical old wheat
varieties;

� Proving the respective applicability of a breakthrough, cheaper
and more efficient brewing technology, based on controlled
hydrodynamic cavitation (Albanese et al., 2017a), including the
retaining of potentially healthy bioactive compounds;

� Outlining the potential impact of the above-mentioned tech-
nological innovations upon the spreading of typical old wheat
varieties and, consequently, on the healthiness and environ-
mental footprint of the cereal sector, and thewhole food system.

Section 2 supplies an up-to-date review of the brewing field:
beer sector and current market, healthy properties of beers, state of
the art of brewing typical old grains, as well as significance of
healthier diets to the strengthening of the human immune system.

Section 3 deals with materials and methods, including the
description of the novel brewing technology, the performed tests,
and the measurement of standard qualities and potential healthy
properties of the produced beers.

In Section 4, the results of the brewing tests with 40% and 100%
raw unmalted grains from typical old wheat varieties are shown,
along with the comparison the respective potential healthy prop-
erties with literature values.

The discussion of results is presented in Section 5, divided into
five subsections for better readability, and including the overall
vision of the authors, while conclusions in Section 6 include per-
spectives for further research and few policy recommendations.
2. Beer, health and brewing old grains

2.1. Beer sector and current market

With its history dating back several thousand years ago, beer-
brewing practices have been long established (Pires and Br�anyik,
2015), its chemistry and biology are well known and documented
(Bokulich and Bamforth, 2013), as well as comprehensive, up-to-
date publications covering the whole beer sector are increasingly
available (Mosher and Trantham, 2017).

Nowadays, beer has become the worldwide most consumed
alcoholic beverage, with about 200 billion liters per year, as well as
with a strong identity mark (Ambrosi et al., 2014; Stack et al., 2016).
However, the beer sector has not been free to the great economic
crisis erupted in 2008. Global annual beer consumption looks like
to have peaked in 2013 with 197 billion liters, later falling to 193
billion liters in 2015 (Statista, 2015). In the European Union (EU, 28
countries) the beer consumption is plateauing since 2010 just
above 35 billion liters (The Brewers of Europe, 2016), down from
almost 38 billion liters in 2007e2008 (The Brewers of Europe,
2010).

However, at least in Europe, the number of active breweries has
almost doubled in only five years to about 7500 in 2015, as well as
exports have surged, leading to increased production despite the
stagnating domestic consumption and signaling the strong vitality
of the sector (The Brewers of Europe, 2016). Indeed, the trends to
globalization and rising income experienced during few decades,
and the consequent leveling of consumers’ choices, led to the
strong rise of beer consumption in several emerging countries e

Russia and China, the latter surpassing USA in 2003, are two
striking examplese and a parallel slight decline in many traditional
beer-consuming countries (Colen and Swinnen, 2016).

In Italy, a boom of craft breweries occurred in the last decade, so
much that their number skyrocketed from about 100 in 2004 to
around 750 in 2014, along with an unabated rising trend of con-
sumption, with wine gradually replaced by beer as the preferred
alcoholic beverage, as well as experimentation of new ingredients
and local flavors (Fastigi et al., 2015). The crisis of the agricultural
sector, with the percentage of agricultural area to total land area
fallen from 70% in 1961 to 47% in 2011 (“FAO - Land Statistics,”
2017), the search for innovative jobs, the shift in consumers’
choices and the growing environmental and health awareness
helped, In Italy, the emergence of the peculiar phenomenon of
agricultural craft breweries, which reached the number of 72 in the
year 2014 (Fastigi et al., 2016). The latter segment e agricultural
craft breweries that, by law, must produce at least the majority of
the cereal ingredients used in their beer production e is precisely
the vehicle identified in this study to sustain the spread of typical
old grains.

The economic sustainability of craft microbreweries has been in
turn constrained by high capital costs (equipment, devices and
facilities), as well as by operating costs such as deriving from
taxation and energy consumption, the latter accounting for
approximately 10% of the overall operative costs on the average of
the beer-brewing sector and substantially higher for craft micro-
breweries (Kubule et al., 2016; Sturm et al., 2013). All the above,
despite a growing share of consumers show their willingness to pay
more for the best craft beers (Mascia et al., 2016).

As a further threat to sustainability of craft breweries, the above-
mentioned economic stagnation prefigures a possible leveling of
market volumes along with downward pressure on prices. Never-
theless, the niche market of microbreweries, as well as of brew-
pubs, although representing rather distinct business models
(Moore et al., 2016), cannot be regarded as a mere ideological
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reaction to globalization in the name of “small is beautiful” or some
sort of localism. Rather, the seed of the boom of craft brewing in the
recent decades was implanted by the very same standardization of
commercial beers, proceeded shoulder by shoulder with global-
ization and, more recently, with the aggressive merging and
acquisition wave and the respective industry concentration
(Madsen and Wu, 2016; Wells, 2016). So much that, as extensively
reviewed by Madsen and Wu, inside the same beer style, most
consumers cannot even be able to distinguish a brand from another,
nor can they distinguish “premium brands” (e.g., premium lager
beers) from their standard counterparts, the aggressive advertising
campaigns being the ultimate and likely the only raison d'être for
such premium brands and the respective substantially higher pri-
ces (Madsen and Wu, 2016).

One of main reasons underlying the progressive merging and
acquisition wave in the commercial beer sector, i.e. the high
transportation costs of unit product, represents as well a strong
point in favor of microbreweries and, even more, of brewpubs,
conditioned upon the existence of a local market within reasonable
distance, including sufficient total population with a high enough
percentage of young males (Madsen and Wu, 2016; Moore et al.,
2016). So much that, as pointed out by Wells, “high throughput
breweries with process flow rather than batch production are more
resource-efficient per unit of output than microbreweries, but
some (and possibly all) of this is offset by greater environmental
burdens in transport and storage” (Wells, 2016).

As analyzed by Madsen and Wu, and although limited to great
brewery plants, while large economies of scale are still achieved in
marketing and, to a lesser extent, in distribution, production costs
show an apparent elasticity with revenues, or net sales. It means
that economies of scale in production are viable only by means of
multi-plant operations (Madsen and Wu, 2016). That's interesting
to the purpose of this study because, translating the result to mi-
crobreweries, i.e. to limited production volumes more suitable to
the proposed brewing installation (Albanese et al., 2017a), the
envisaged savings in the production processes (energy, raw mate-
rial, water) and possibly in plant's capital cost could lead to a
competitive advantage for small breweries. Furthermore, the same
competitive advantage would allow microbreweries based upon
typical old wheat varieties to spread and replicate while preserving
small production volumes, therefore taking full advantage of the
benefits from localization (Wells, 2016).

Under the guidance of the biggest brewery companies world-
wide, showing large marketing cost shares, on average around 16%,
moreover in turn leading to astonishing results in terms of net sales
(Madsen and Wu, 2016), it is highly advisable that brewers of high
specialty beers such as the ones based upon typical old wheats
identify and exploit their own distinctive marketing message:
healthy properties of those specialty beers could be a viable one.
2.2. Beer, a healthy food?

Even brewed with standard ingredients e water, barley malt
with the possible adjunct of modern cereal varieties, hops and
yeasts e beer itself can be considered a healthy food, under certain
assumptions.

Recently, a consensus study, led by an Italian team and carried
out by means of an international expert panel, showed that a
moderate beer consumption by healthy subjects can significantly
lower the risk of developing cardiovascular and neurodegenerative
diseases, mainly as a result of the assumption of specific poly-
phenols from malts, grains and hops (de Gaetano et al., 2016). Few
years earlier, Piazzon and coauthors carried out an extensive study
on commercial beers, finding out surprisingly high concentrations
of valuable phenolic acids as well as antioxidant activity, especially
in darker and stronger products, so much that they could conclude
that “beer may represent an important part of the overall dietary
intake of antioxidants, particularly in the form of phenolic acids”
(Piazzon et al., 2010). Their results were later confirmed by other
authors, who found that the antioxidant activity of several beers
was higher than most wines and soft drinks (Queir�os et al., 2013). A
recent study highlighted the higher total phenolic compounds in
selected craft beers that, contrary to commercial ones, are unclar-
ified and retain most of naturally extracted polyphenols (Marques
et al., 2017). In turn, the high bioavailability of phenolic com-
pounds in beers produce correspondingly high antioxidant activity
once ingested.

Specific and significant preventive action against Alzheimer
disease from hops' iso-a-acids, which are responsible for bitterness
in beer, was recently argued along with its potentially deep social
impact with rapidly ageing populations worldwide (Ano et al.,
2017). Moreover, evidence has arisen for anti-carcinogenic action
from hops’ prenil-flavonoids (Ferk et al., 2010; Karabin et al., 2015;
_Zołnierczyk et al., 2015), as well as from phenolic constituents
extracted from both malt and hop (Ferk et al., 2010; Gerh€auser,
2005).

As well, beer was estimated as one of the richest sources of
silicon in the diet, whereas that substance is known for its impor-
tance for the growth and development of bone and connective
tissue (Casey and Bamforth, 2010).

The importance of the unveiled healthy effects of moderate beer
consumption are of course connected with the extremely large
consumption of that beverage, being an integral part of the life-
styles of whole populations worldwide. In this respect, any shift to
other ingredients and adjuncts, in the event they can offer even
superior nutritional properties, could lead to further widespread
health benefits, let alone if such shift could boost the spreading of
further healthier food products.

2.3. Brewing old grains

The use of cereals other than barley, including typical old
wheats, or pseudo-cereals, although already common in traditional
beers, has grown along with the spreading of craft breweries and
the respective products, along with the rediscovery of traditional
cereals.

Brewing a blend of malted barley (60%), malted commercial
wheat (20%) and unmalted typical “Senatore Cappelli”wheat (20%),
the latter grown in Sardinia region, Italy, resulted in a craft beer
with higher polyphenol content and more balanced taste, in com-
parison with two other industrial beers made up of 50% malted
barley and 50% malted commercial wheat (Mascia et al., 2014).

Brewing with up to 40% unmalted oat or sorghum was shown
not only to be technically feasible, but also leading sometimes to
better flavor and aroma in comparison with all-barley malt beers,
despite the use of exogenous enzymes could be necessary espe-
cially in conjunctionwith oat (Schnitzenbaumer and Arendt, 2014).

Brewing with 100% unmalted grains was recently proven to be
technically feasible by means of a commercial enzymes blend,
finding that the resulting beers lacked in free amino-nitrogen
(FAN), alcohol and color in comparison to all-malt beers, with
unmalted wheat outperforming unmalted barley, oat and rye
(Zhuang et al., 2016). Moreover, ample room is left for brewing
optimization of both cereals such as wheat, and gluten-free
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pseudo-cereals such as buckwheat, quinoa and amaranth, for
example by means of alkaline steeping to improve the respective
malting processes (de Meo et al., 2011).

The growing market of gluten-free food represented a strong
motivation to the brewing of pseudo-cereals and alternative
gluten-free cereals such as rice, sorghum and maize, although with
uncertain results on the side of sensorial features (Hager et al.,
2014; Mayer et al., 2016).

Ancient einkorn wheat (Triticum monococcum), which is also
suitable for organic growing, has been investigated by Hungarian
authors as a source of healthy AOC in beer brewing (Fogarasi et al.,
2015). They found that both unmalted and malted einkorn enjoyed
higher antioxidant activity and total polyphenol content than
modern wheat varieties, comparable to unmalted barley and
slightly lower than barley malt, allowing their conclusion that
einkorn brewing could add beers some healthcare potential. Their
results were confirmed by German authors who, investigating
lipophilic antioxidant contents of wheat species, found that all the
considered 15 einkorn varieties were ranked among the top 20
high-antioxidant varieties of all species (Ziegler et al., 2016).

Einkorn beers, along with emmer (Triticum dicoccum) and spelt
(Triticum spelta) beers, are indeed produced and available on the
market, especially in Italy and Germany, along with a plenty of
other related products, from flour to biscuits and bread (Cooper,
2015). According to the latter author, emmer grain is particularly
rich in fibers, while einkorn wheat e also especially suitable for
growth over poor soils where modern wheat varieties fail e does
contain gluten but its gliadin protein may be less toxic to sufferers
of celiac disease in comparison tomodernwheat. In the same study,
breads from the ancient Kamut® khorasan wheat e another
emerging ingredient of beers e were mentioned for their higher
antioxidant activities than whole grain modern durum wheat
breads, especially after sourdough fermentation.

In a very recent study, goji berries were added to standard ale
type beers at different times during the brewing process, finding
that their addition just after lautering yielded the best results in
terms of both total polyphenolics content, antioxidant activity, taste
and appearance (Ducruet et al., 2017). The same authors pointed
out the beneficial effect of a moderate beer consumption on the
human immune system, strongly correlated with the content of the
most valuable AOC.

In summary, the conclusion can be made that certain typical old
wheat varieties are especially rich in flavonoids and other phenolic
compounds endowedwith higher antioxidant activity thanmodern
varieties. As well, beer itself produces significant, although variable,
antioxidant activity due to extracts from malts, grains and hops,
with recognized healthy effects under moderate consumption
habits.
2.4. Healthier diets matter

The far-reaching relevance of the above stems from the fact that
strengthening the human immune system by means of increasing
the regular dietary intake of valuable AOC appears as a viable and
effective way to improving public health along with easing
sanitary-related costs and environmental burdens, especially in
ageing populations typical of developed countries. Shifting diets
towards higher AOC content by means of the spreading and con-
sumption of typical old wheat varieties would ease as well the
environmental burden of the agricultural sector.

Among other emerging health threats on the global scale,
spreading of antibiotic-resistant genes (ARG), often hosted in
common pathogen microorganisms such as Escherichia coli, has
become an urgent health issue as well as a threat to economic
stability (Ferro et al., 2016). Tackling such issue is challenging and
multifaceted. Downstream, the main carrier of ARGs, i.e. waste-
water, has to be effectively disinfected (Ciriminna et al., 2016;
Zhang et al., 2016), as well as effective clinical countermeasures
have to be undertaken to treat patients. Upstream, medical pre-
scription and consequent release of pharmaceutical antibiotics
should be kept as low as possible.

At least the latter two measures can significantly benefit from a
widespread strengthening of the human immune system.

Effectivity of dietary intake of antioxidants to counter oxidative
stress to the immune system and the related depression, normally
increasingwith age, has been known sincemany decades, as well as
proven both in vitro and in vivo (De la Fuente, 2002). According to
the same author, “antioxidants, … do not exert an indiscriminate
stimulating effect on the immune cell function, but instead they are
homeostatic factors. Thus, since the immune system is a health
indicator and longevity predictor, the protection of this system by
antioxidant diet supplementation may be useful for health pres-
ervation in the aged”.

Free from harmful side effects, adequate intake of natural AOC
from foodstuff e mainly flavonoids and other phenolic compounds
e was identified as a cheap and suitable means to counter both
acute and chronic inflammations and prevent e and sometimes
help treating e consequent acute and chronic illnesses such as
neurodegenerative diseases, cancer, diabetes, rheumatoid arthritis,
inflammatory bowel disease and cardiovascular diseases
(Arulselvan et al., 2016; P�erez-Cano and Castell, 2016; Vezza et al.,
2016).

In a recent comprehensive review, including in vitro and cellular
investigations, Del Corn�o and co-authors found that, because of
their strong antioxidant power, the potential biological activity of
many dietary polyphenols on cells of critical importance to the
immune response, such as dendritic cells, can prevent and atten-
uate inflammation, as well as promote immunoactivation with
consequent health benefits. So much that, in their ownwords, “the
use of bioactive food compounds at pharmacologic doses is
emerging as a preventive and/or therapeutic approach to target
metabolic dysregulations occurring in aging, obesity-related
chronic diseases, and cancer” (del Corn�o et al., 2016). Neverthe-
less, quantitative information on doses for possible functional diets,
exact regulatory mechanisms of the immune system including, as
well as information on the qualitative/quantitative composition of
food items are still scant and deserve further research.

3. Materials and methods

3.1. Brewing units

The same beer-brewing unit powered by controlled hydrody-
namic cavitation (HC), with total volume capacity around 230 L,
performing the mashing and hopping stages and comprehensively
described in a previous study by the authors (Albanese et al.,
2017a), was applied to investigate the technical feasibility and the
results of brewing with different fractions of typical old wheats.
Physics and chemistry of controlled HC in liquid media were
introduced in another recent study by the authors (Ciriminna et al.,
2017).

HC-assisted beer-brewing at the real-scale experiments allowed
finding a potential for successful industrial developments, along
with significant advantages and no apparent drawbacks (Albanese



Fig. 1. Simplified scheme of the experimental HC-based installation. 1 e centrifugal
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et al., 2017a). Dramatic reduction of saccharification temperature,
increased and accelerated peak starch extraction, significant
reduction of operational time after traditional stages such as dry
milling and boiling are made unessential, represent the most
important benefits, along with relevant energy saving, shorter
cleaning time, volumetric heating which prevents caramelization
and overall simplification of both structural setup and operational
management of brewing processes. No cavitational damage to the
equipment arose, as well as no wort and beer oxidation.

Fig. 1 shows the experimental installation, described in detail in
Section 2.1 of the previous study by the authors (Albanese et al.,
2017a), along with the calculation, meaning and limitations of the
basic HC metric, i.e. the Cavitation Number (CN), only sufficing here
to recall the reference to the description of the cavitation reactor in
the form of a Venturi tube (Albanese et al., 2015). All the tests ran in
brew-in-the-bag (BIAB) mode, using the malts caging vessel shown
in Fig. 1. The same technological unit proved capable of reducing
the gluten content in 100% barley malt wort and beers (Albanese
et al., 2017b).

For comparison purposes, parallel brewing tests were per-
formed by means of a conventional Braumeister (Ofterdingen,
Germany) model 50 L brewer, equipped with a cooling serpentine
(model Speidel stainless steel wort chiller for 50-L Braumeister)
and fully automatic brewing control (temperature, time and recir-
culation pumps).
pump, 2 e HC reactor, 3 e main vessel, 4 e pressure release valve, 5 e cover and
pressure gauge, 6 e heat exchanger, 7 e circulation pump, 8 e malts caging vessel.
Other components are commonly used in state-of-the-art hydraulic constructions.
3.2. Measurement instruments and methods

Along with thermometer and manometer sensors onboard the
main production unit, few specialized off-line instruments were
used to measure the chemical and physiological properties of wort
and beer, described in full detail in a previous study by the authors
(Albanese et al., 2017a). Few of those instruments are described
herein below.

Physico-chemical and physiological parameters of finished
beers were measured by means of a 6-channel photometric device
(CDR, Firenze, Italy, model BeerLab Touch). In particular, alcohol
content (0e10% in volume, resolution 0.1%), color on the European
Brewery Convention (EBC) scale (1e100, resolution 1) and on the
Standard Reference Method (SRM) scale (0.5e50, resolution 0.1).
All reagents were of analytical grade.

The total antioxidant activity was measured by means of a
spectrophotometric method, namely the Ferric ion Reducing Anti-
oxidant Parameter (FRAP) (Benzie and Strain, 1996), later applied to
beer (Piazzon et al., 2010), as well as recommended for its accuracy
over other methods (Queir�os et al., 2013).

The total polyphenol content was measured according to the
EBC methodology (Analytica-EBCsection 9method, 2002), showing
sufficient repeatability and reproducibility (Benard, 2000).
Recently, Juri�c and coauthors offered a comprehensive, practical
explanation of such method (Juri�c et al., 2015).

The power and electricity consumed by the three-phase cen-
trifugal pump used in the HC device shown in Fig. 1 were measured
by means of a three-phase digital power meter (IME, Milan, Italy,
model D4-Pd, power resolution 1 W, energy resolution 10 Wh,
accuracy according to the norm EN/IEC 62053-21, class 1). The
electricity consumed by the Braumeister model 50-L conventional
brewing device was measured by means of a mono-phase digital
energymeter (PeakTech, Ahrensburg, Germany, model 9035, power
resolution 1 W, energy resolution 100 Wh, accuracy 0.5%).
3.3. Production tests and brewing ingredients

Table 1 summarizes few basic features and results of the per-
formed brewing tests.

One set of tests (HC40 and B40) involved the use of Pale malted
barley and a mix of raw unmalted grains from typical old wheat
varieties, in the proportion 59%e41%, respectively.

The overall quantity of grains used in test HC40 was about 9%
less than in test B40, in terms of proportion to the respective wort
volumes. The old wheats mix, supplied by Floriddia organic farm
(Tuscany, Italy), included the varieties Andriolo, Frassineto, Gentil
Rosso, Iervicella, Inallettabile, Maiorca, Sieve, Solina and Verna,
approximately in the same proportion. The red varieties Andriolo,
Gentil Rosso and Verna were attributed the highest antioxidant
properties due to the respective free soluble and bound polyphenol
and flavonoid contents (Di Silvestro et al., 2016; Ghiselli et al., 2016;
Migliorini et al., 2016). Pelletized Cascade hops were used in those
tests.

The aim of those tests was to check the feasibility of HC-assisted
brewing with a fraction of raw unmalted old wheat varieties, as
well as to assess the preservation of bioactive compounds (poten-
tially healthy properties) in the produced beers.

The other set of tests (HC100, B100-1 and B100-2) involved the
use of 100% raw unmalted grains from the Andriolo old wheat
variety, supplied by La Capannaccia farm (Tuscany, Italy). Again, the
overall quantity of grains used in test HC100 was about 9% less than
in tests B100-1 and B100-2, in terms of proportion to the respective
wort volumes.

A blend of exogenous liquid enzymes, produced by Erbsl€oh
Geisenheim AG, Germany, was used to perform saccharification.
Namely, Beerzym CHILL (from the latex of papaya melons,
increasing the degree of protein modification in brewing mashes),
Beerzym PENTA (from a from a specially selected strain of



Table 1
Beer production tests, ingredients and basic beer attributes.

Test ID Production unita Net volume (L) Grainsb Exogenous enzymesc Hopsd Beer colore (EBC/SRM) Wort SGf/Alcoholg

HC40 HC 170 Pale barley malt 21 kg
Old wheats mix 15 kg

Absent Cascade 80 g 16/7.1 1.039/3.49 ± 0.05%vol

B40 B 50 Pale barley malt 6.8 kg
Old wheats mix 4.8 kg

Absent Cascade 26 g 16/7.3 1.048/5.39 ± 0.07%vol

HC100 HC 170 Andriolo wheat 34 kg CHILL 12 ml
PENTA 8 ml
BG SUPER 31 ml
AMYL 46 ml

Hersbrucker 0.3 kg 4/2.1 1.017/2.61 ± 0.02%vol

B100-1 B 50 Andriolo wheat 11 kg CHILL 4 ml
PENTA 2.5 ml
BG SUPER 10 ml
AMYL 15 ml

Hersbrucker 0.1 kg 4/2.2 1.014/2.12 ± 0.02%vol

B100-2 B 50 Andriolo wheat 11 kg CHILL 8 ml
PENTA 5 ml
BG SUPER 20 ml
AMYL 30 ml

Hersbrucker 0.1 kg 4/2.0 1.012/1.8%vol

a HC ¼ installation shown in Fig. 1. B ¼ Braumeister model 50-L.
b Grains were added from scratch in all tests. Wheat grains were raw and unmalted.
c Exogenous enzymes were added from scratch in all tests.
d Hops cavitating in any test.
e Beer color was measured 15 ± 2 days after bottling.
f Wort Specific Gravity (SG) was measured in the wort before fermentation.
g Alcohol content was measured 15 ± 2 days after bottling.
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Trichoderma spec., degrading pentosan and glucan in original wort),
Beerzym BG SUPER (from a specially selected strain of Penicillium
funiculosum, degrading glucan in brewing mashes), and Beerzym
AMYL (from a specially selected strain of Bacillus subtilis, liquefying
starch in brewing with malt and raw grain portions). The above-
mentioned exogenous enzymes were pitched in the same propor-
tion to the respective wort volumes in tests HC100 and B100-1,
while the respective quantities were doubled in test B100-2 in or-
der to assess the sensitivity of results to the enzymes’ dosage.

Pelletized Hersbrucker hops were used in tests HC100, B100-1
and B100-2.

Due to the limited literature on the subject, the aim of the latter
tests was to check the overall feasibility of brewing with 100% raw
unmalted old wheat varieties, including the HC-assisted brewing
device, as well as to assess the preservation of potentially healthy
properties in the produced beers.

Fermentationwas activated in all tests bymeans of the dry yeast
strain SafbrewWB-06, working at temperatures between 18 �C and
24 �C and tolerating a maximum alcohol content of 10.4%vol, al-
ways in the proportion of 50 g per 100 L of fermenting wort.

No simple sugar was added during themashing stage in any test,
while white sugar was added to the fermented wort before bottling
and maturation, in the proportion of 0.85 kg per 100 L of fer-
menting wort in tests HC40 and B40, and in the proportion of 1.1 kg
per 100 L of fermenting wort in tests HC100, B100-1 and B100-2.

4. Results

4.1. Brewing with 40% typical old wheat varieties

Fig. 2 shows the basic features of the HC40 (a) and B40 (b)
brewing processes. Mashing-out (extraction of malt and unmalted
grains) was performed after saccharification, when the specific
gravity (SG) values started plateauing. Despite a little more specific
energy, in unit kWh/hL, was consumed in the HC40 test, the
respective processes were fairly similar up to the boiling temper-
ature. Subsequently, the long-lasting (80 min) boiling stage per-
formed in the B40 test e which was unnecessary with the HC-
assisted brewing device e caused a lower overall specific energy
consumption in the HC40 test (23.4 kWh/hL) than in the B40 test
(26.8 kWh/hL), i.e. an energy saving around 13%.

It should be noted that the BIAB set-up for the test HC40 was far
from optimal, explaining why the energy saving was substantially
lower than the figure e over 30% e found in the previous experi-
ments with fully cavitating malts (Albanese et al., 2017a).

Both the SG and the resulting alcohol content (Table 1) were a
little lower in the test HC40, because of both the marginally lower
proportion of grains (about 9% less than in test B40) and the sub-
optimal extraction of starch and enzymes with the BIAB set-up for
the HC40 test.

Color data in Table 1 suggest similar Weissbier-style beers were
produced (Priest and Stewart, 2006). Foamability for both beers
were quite similar, while the subjectively assessed sensorial fea-
tures suggested a remarkable superiority for the beer resulting
from test HC40, not only in comparison with the beer resulting
from test B40, but also across all the beers produced by means of
the same HC-assisted brewing device, including those considered
in the authors’ previous study (Albanese et al., 2017a).

4.2. Brewing with 100% typical old wheat varieties

Fig. 3 shows the basic features of the HC100 (a) and B100-1 (b)
brewing processes. Mashing-out (extraction of unmalted grains)
was performed after saccharification, when the SG values started
plateauing. Starch conversion to fermentable sugars, which was
carried out by means of the blend of exogenous liquid enzymes
listed in Table 1, was surprisingly significantly higher in test HC100
than in test B100-1, especially with regards to energy consumption
up tomashing-out (11 KWh/hL vs > 18 kWh/hL). Moreover, also the
SG observed in test HC100 was higher than in test B100-1 (1.017 vs
1.014), as well as the resulting alcohol content (2.6%vol vs 2.1%vol),
despite the marginally lower proportion of grains (about 9% less in
test HC100 than in test B100-1). Color data in Table 1 suggest Berlin
Weisse-style beers were produced (Priest and Stewart, 2006).

As a consequence of the above, as well as of the absence of the
boiling stage in test HC100, the overall specific energy consumption



(a)

(b)
Fig. 2. Temperature with respective uncertainties and cavitation number for test HC40 (a), and temperature with respective uncertainties for test B40 (b), both reproduced as a
function of specific consumed electricity. Time of mashing-out, as well as value of specific gravity (SG) and its measurement time are indicated. Letters in the charts highlight the
nearly isothermal steps: for test HC100, A (45.5 ± 3 �C, 53 min), B (64 ± 2 �C, 31 min), C (70 ± 4 �C, 46 min), for test B40, D (44 ± 1 �C, 45 min), E (64 ± 1 �C, 30 min), F (72 ± 1 �C,
45 min), G (boiling, 102 �C, 80 min).
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for the latter test (16.4 kWh/hL) was far lower than for test B100-1
(30.9 kWh/hL), translating into an energy saving around 47%.

A likely explanation of the latter result can be found in the in-
crease of the mass transfer between exogenous enzymes and
starch, as well as in the increase of starch gelatinization produced
by HC processes (Albanese et al., 2017a). The same results agrees
with past experiences, such as dealing with HC-assisted ethanol
production from dry mill corn using other blends of exogenous
liquid enzymes (Ramirez-Cadavid et al., 2015). In the latter study, it
was argued that HC-assisted processes could result in a diminished
dosage of exogenous enzymes with equal results (i.e., yield of
fermentable sugars and ethanol itself). Similarly, from the above-
described results one can argue that the dosage of exogenous
enzymes, needed to brew 100% raw unmalted old wheat varieties
in a HC-assisted device, can be substantially reduced in comparison
with conventional brewing devices.

As shown in Table 1, the use of double dosage of exogenous
enzymes in the conventional test B100-2 failed to provide better
results in terms of SG and resulting alcohol content, further sug-
gesting that the enzymes’ dosage could even be reduced with equal
results, especially in the case of HC-assisted brewing, which is
recommended as the subject of further research.

Subjective assessment of sensory features suggested that the
products of tests HC100 and B100-1 tasted as real beers, with the
former one slightly preferred over the other one.

Fig. 4 shows a visual comparison between the resulting beers



(a)

(b)
Fig. 3. Temperaturewith respective uncertainties andcavitationnumber for testHC100 (a), and temperaturewith respectiveuncertainties for test B100-1 (b), both reproducedasa function
of specific consumed electricity. Time ofmashing-out, as well as value of specific gravity (SG) and its measurement time are indicated. Letters in the charts highlight the nearly isothermal
steps: for test HC100, A (68.5 ± 1.5 �C, 34 min), B (74 ± 2 �C, 76 min), for test B100-1, C (67 ± 1 �C, 21 min), D (72 ± 1 �C, 35 min), E (75 ± 1 �C, 37 min), F (boiling, 101.5 �C, 71 min).

Fig. 4. Beer samples produced from test HC40 (left) and test HC100 (right).
from tests HC40 and HC100, highlighting the apparent color dif-
ference (7.1 and 2.1 on the SRM scale, respectively), as well as the
comparable and substantial foamability. Moreover, the pictures
were taken about 3 months (HC40) and 4.5 months (HC100) after
the respective brewing processes, suggesting as well an excellent
foam stability, in agreement with previous results achieved with
raw unmalted barley (Steiner et al., 2012).

4.3. Antioxidant activity and total polyphenols

Table 2 shows the antioxidant activity and the total polyphenols
content of the beer samples considered in this study. The two
quantities appear linearly correlated (explained variance 99%), as
expected from previous studies about beers (Marques et al., 2017;
Piazzon et al., 2010), while linear relationships hold as well for
many other vegetable substances (Fernandes et al., 2016). There-
fore, only the antioxidant activity will be used in the following for
comparative analysis.

Following data presented by Piazzon and coauthors (Piazzon
et al., 2010), a linear relationship was found between



Table 2
Antioxidant activity and total polyphenols of the beer samples.

Test ID Antioxidant activity (mM Fe2þ/L/4min) Total polyphenols (mg/L)

HC40 1783.91 ± 110.82 77
B40 2910.96 ± 108.92 122
HC100 1155.01 ± 73.49 50
B100-1 1136.38 ± 29.4 47
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antioxidant activity and alcohol content of non-dealcoholized
beers, explaining 77% of variance.Fig. 5 shows such linear rela-
tionship along the original data as well as the measured antioxi-
dant activity values for samples considered in this study. Such
values are very close to the regression line, well within the
respective statistical uncertainties.
Fig. 5. Antioxidant activity as a function of alcohol content (%vol) for different com-
mercial beer styles, along with the respective linear fitting, and the same quantity for
beer samples considered in this study.
5. Discussion

5.1. Feasibility of brewing with raw unmalted old wheat varieties

Results shown in Section 4 confirm the technical feasibility of
brewing beer with a proportion (40%) of raw unmalted old wheat
grains, where saccharification enzymes are supplied by barley
malt, as well as the same feasibility with 100% old wheat grains,
using a blend of commercial exogenous liquid enzymes. Given the
paucity of studies dealing with brewing 100% raw unmalted wheat
(Zhuang et al., 2016), the latter appears as a fairly original result of
this study.

Moreover, such technical feasibility is shown by the novel HC-
assisted brewing device and method too (Albanese et al., 2017a),
with distinct advantages in terms of energy efficiency, operation
time, concentration of exogenous enzymes and even quality of end
products.

In particular, despite the suboptimal BIAB set-up used for the
HC-assisted brewing process, the overall specific energy con-
sumption for test HC100 was 47% lower than in test B100-1, the
latter performed with a conventional device, likely most attribut-
able to the cavitational-induced increased mass transfer between
exogenous enzymes and starch, and representing a quite original
finding of this study in the field of beer-brewing.

Within the BIAB set-up, HC-assisted brewing of 100% raw
unmalted old wheat grains shows very significant benefits over
conventional techniques, even if much work remains to be done in
order to optimize the processes and fix the flaws of the resulting
beers. Breweries, especially agricultural craft ones, deciding to use
100% raw unmalted grains, would gain further competitive
advantage not having to resort to malt import from few large
suppliers (Fastigi et al., 2016), or build their own micro malt houses
with the consequent capital costs and environmental impacts
(Steiner et al., 2012). In the latter study, advantages and disad-
vantages of brewing raw unmalted barley are listed and com-
mented, and some of the disadvantages could be fixed with HC-
assisted brewing in full-cavitation mode (i.e., cavitating grains),
which will be the subject of further research.

Overall, despite flaws such as too light color, too low alcohol
content, and reduced free amino-nitrogen, as recently pointed out
in recent studies (Pires and Br�anyik, 2015; Zhuang et al., 2016), as
well as legal limits to the proportion of unmalted cereals in brewing
recipes (Pires and Br�anyik, 2015), brewing with 100% raw unmalted
old wheat varieties is not only technically feasible but also poten-
tially attractive.

On the other hand, it can be envisaged e but will have to be
proven experimentally in future research e that in full-cavitating
mode, the already excellent beer produced with 40% raw
unmalted old grains will fully enjoy the efficiency gains achieved
with brewing 100% barley malt (Albanese et al., 2017a), thus of-
fering breweries a wide flexibility in deciding their brewing
recipes.

5.2. Efficiency gains for craft brewers and the overall resource use

Combining the energy efficiency gain of 47% measured in this
study when comparing BIAB-mode cavitational brewing of 100%
raw unmalted old wheat varieties with traditional one, with the
further gain of 33% found in our previous study, attributed to the
shift to full cavitationmode (Albanese et al., 2017a), gives an overall
energy efficiency gain around 60% over traditional processes. En-
ergy costs amount to 8e9% of average breweries' overall costs
(Kubule et al., 2016; Sturm et al., 2013), and significantly more e

around 20% - for small craft breweries (Fakoya, 2015). Assuming
that about 70% of the overall energy consumption is used during
wort heating and boiling, translating in about 14% of micro-
brewery overall cost (Albanese et al., 2017a), a rough estimate of
the respective saving on operational costs turns out to be around
8.4%.

Labor costs account for about 24% of the overall brewery's cost,
as estimated for German breweries (Karagiannis et al., 2017).
Prudentially assuming that only half that cost (i.e., 12%) is attrib-
utable to the brewing operations fromwort heating to boiling, and
recalling that about 50% of labor time can be saved with the full-
cavitation brewing, a further 6% of brewery's operational costs can
be reduced, thereby totaling as much as 20% of economic savings
from the energy and labor cost items.

Adding the avoided cost for grain milling equipment, a possible
reduction in the plant's capital cost, as well as the possibility to
perform multiple productions on a daily basis due to the reduced
process time, the overall cost savings per unit produced beer vol-
ume could easily exceed 25% in comparison with traditional pro-
cesses. A more precise quantification will be a matter of future
research.

Enlarging the view to the overall sustainability, recently it was
proven, in the framework of traditional equipment for wort heating
and boiling, that brewing assisted with exogenous enzymes results
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in a significantly more efficient use of resources (van Donkelaar
et al., 2016). In particular, the raw material use decreased by 14%,
the water use by 7%, and the energy use more than 70%, the latter
resulting from a decrease of 78% in natural gas and an increase of
2.6% in electricity use. As stated by the authors, the above-
mentioned factors together resulted in a total decrease of 24% in
total exergy input.

The latter results appear especially important when combined
with the herein proven technical feasibility of brewing 100% raw
unmalted grains with HC processes, the latter providing an addi-
tional gain in energy efficiency, in turn potentially leading to a
further decrease of total exergy input and, ultimately, benefitting
the overall efficiency in the use of resources and the environment.
In particular, recalling the above-estimated 60% increase in energy
efficiency from HC-assisted brewing with 100% raw unmalted
grains, referred to the processes of worth heating and boiling, and
combining such gain with the approximately 40% of exergy input
from the same processes, estimated in Fig. 6 from (van Donkelaar
et al., 2016), where the same processes were labelled as “Mashing”
and “Brewing”, a further decrease of the exergy input around 24%
can be assessed. Overall, the combination of exogenous enzymes-
assisted brewing and HC-assisted brewing could lead to a total
decrease of exergy input by nearly 50%, i.e. to a doubling of ther-
modynamic efficiency of the overall beer-making process.
5.3. The potential improvement of public health

About the potentially healthy quality of beers brewed from
raw unmalted old wheat varieties, it should first be considered
that as much as 70e80% of phenolic constituents of traditional
beers are derived from malt and only 20e30% from hops
(Gerh€auser, 2005). Moreover, barley malt has been shown to be
endowed with the highest total phenolic content as well as the
highest antioxidant activity (also measured by means of the FRAP
methodology), in comparison to several wheat varieties and to
einkorn (Fogarasi et al., 2015), despite strong dependence on
genotype and storage (Do et al., 2015; �Simi�c et al., 2017). Based on
the data shown in Table 2 and Fig. 4, two important consider-
ations can be drawn:

� Beer samples considered in this study show antioxidant activ-
ities expected from traditional beers based on barley malt with
similar alcohol content, therefore the considered raw unmalted
old wheat varieties show competitiveness with barley malt in
terms of potentially healthy contribution in the respective
beers;

� In particular, cavitation-assisted brewing neither degrades
polyphenols extracted from grains and hops, since their total
content is similar both to values found for traditional beers (Juri�c
et al., 2015) and to values obtained with the same ingredients
but brewed by means of a traditional equipment, nor hinders
their antioxidant activity.

Therefore, although limited to few tests, cavitation-assisted
brewing of raw unmalted old wheat varieties shows promises to
represent a more efficient method to produce healthy beers and, as
such, to promote the sustainability and the spreading of the same
varieties well beyond the brewing sector.

The synergy between beer-brewing by means of the more
efficient novel technology described in Section 3, and the culti-
vation of typical old wheat varieties, whose exploitation in
brewing was shown feasible in Section 4, appears as a viable
pathway to improving public health as well as easing costs and
environmental burdens of both the agricultural and health
sectors.

As illustrated in Section 2.4, health benefits from increasing the
dietary intake of antioxidant compounds, mostly in the form of
flavonoids and other polyphenols, that certain old wheat varieties
are especially endowed with, are now undisputed, despite meta-
bolic pathways conductive to the strengthening of the human
immune system are still partially unknown (del Corn�o et al., 2016;
P�erez-Cano and Castell, 2016). Unfortunately, to the best knowl-
edge of the authors, so far the public health component, along
with the respective direct costs and environmental impact, has not
been comprehensively accounted for in LCA studies of specific
agricultural sectors, real or potential widespread shifts from
certain crops to others, or changes in food consumption patterns
related to the above-mentioned structural agricultural shifts.
Therefore, proper consideration of the health issues connected to
structural changes in crops and related foodstuff is recommended
for future research.
5.4. The controversial issue of environmental footprint

Contrary to the public health issue, comparative LCA studies of
low-input and modern conventional cereal farming are widely
available, converging towards contrasting patterns, as explained in
Section 1. In summary, lower yields often offset the easing of
environmental burdens due to low-input farming, as well as the
niche scale of low-input farming (among which most typical old
wheat varieties) impairs the environmental footprint of distribu-
tion (Kulak et al., 2015). However, yields of typical old wheat va-
rieties has kept increasing (Ghiselli et al., 2010), as well as much
room is left for further yield improvements (Ali et al., 2015; Ercoli
et al., 2017).

Moreover, the impressive extension of abandoned agricultural
area, as mentioned in Section 2.1 for Italy as well as typical of most
countries on the northern shores of Mediterranean, additional to
the fraction left to urbanization, is likely to be mostly made up of
less fertile soil. That soil, while unsuitable for modern wheat vari-
eties, is at all suitable for growing typical old wheat varieties, in
turn associated with superior nutritional properties (Konvalina
et al., 2014; Migliorini et al., 2016).

Prospective considerations about the shift of the human diet
from animal-source proteins to plant-source proteins, including the
rotation of cereal cultivations with legume crops, such rotation
especially fitting with typical old wheat varieties, could lead to very
large efficiency gains in resource use, such as land (down by 2.4e33
times), and GHG emissions (down by 2.4e240 times) (Di Paola
et al., 2017).

Summarizing, while growing typical old wheat varieties, mainly
by means of organic farming practices, needs to both increase
yields and overcome its current niche scale in order to improve its
environmental footprint over modern varieties, plenty of oppor-
tunities exists for a widespread transition back to old crops as well
as for the respective yield increase, with the important result of
their emergence from the current niche to a real market scale.
Let alone that developing cereal crops endowed with superior
nutritional properties and particularly suitable for rotation with
legume crops matches the above-described roadmap to drastically
cutting the resource use in terms of land requirements and GHG
emissions.
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5.5. Overall vision

Fig. 6 shows a simplified scheme of the overall vision developed
in this study, along with the main logical connections, converging
towards the widespread health and environmental benefits
brought by the spreading of healthier typical old wheat varieties, in
turn contributing to the prospective roadmap to the replacement of
animal-source proteins with plant-based proteins in the human
diet.
Fig. 6. Simplified scheme of the overall vision developed in this study.
Limited to the issue of overcoming the niche size, the proposed
vision matches a recent comprehensive analysis of the trans-
formative potential of food innovation niches, identifying few key
steps as basic to their sustainable growth (Rossi, 2017). First,
consolidating the niches “boundaries”, and building their collective
identity involving producers, customers and the wider local com-
munity, based upon the main messages of environmental sustain-
ability and food healthiness. Then, managing the growth with the
aim to make products more available and affordable, while pre-
serving the original values and boundaries. In this respect, a central
role is played by continuous innovation on both the technological
side (efficiency gain, cost compression), and the organizational side
(cooperation between producers, customers, or both), with the
close support by the research community. Finally, shaping a new
food culture based on collective learning, resulting in the increased
visibility and consciousness of the hiddenmeanings of food and the
need to modify attitudes and practices around it. It is no coinci-
dence if in the same study the Floriddia organic farm e which
supplied part of the raw material (old wheats) for the tests dis-
cussed in this article, as explained in Section 3.3 e was mentioned
as one of the successful case studies in Italy, along with the inno-
vative network it managed to create.

6. Conclusions

Confirming and enhancing previously found results (Albanese
et al., 2017a), this study showed that HC-assisted beer brewing,
because of its feasibility, economic and environmental competitive
advantages, the latter further enhanced by brewing with exoge-
nous enzymes, along with the preservation of potentially healthy
bioactive compounds of the final beers, appears as a viable candi-
date to boost the spreading of healthier typical old wheat varieties
well beyond the brewing sector.

This opportunity could help easing the proposed taxation
burden on the consumer side and avoid any regressive effect
(García-Muros et al., 2017), while resorting to a prevailing free-
market pathway. Moreover, the advanced breakthrough in the
brewing technology could contribute to the prospective roadmap to
shifting from animal-source proteins with plant-based proteins in
the human diet, potentially leading to a drastic increase of resource
use efficiency.

However, under the technological and experimental side,
further research is needed to optimize the HC-assisted brewing
processes using different proportions of raw unmalted old wheat
grains, investigating the performance of the full-cavitation mode
(cavitating grains), and optimizing the dosage of exogenous en-
zymes for brewing with 100% raw unmalted grains.

Moreover, further and substantial cross-disciplinary research is
needed in order to better quantify the impact of more efficient,
profitable brewing on the overall sector of typical old wheat vari-
eties, as well as to account for the social, economic, and environ-
mental benefits from a shift to healthier cereal-based diets, e.g.by
means of LCA studies.

Although relying most on market pathways, the opportunity
advanced in this study to boost the cultivation of typical old wheat
varieties depends as well on the political will.

The following policy recommendation can be formulated,
limited to the brewing sector:

� Maintaining tax benefits to agricultural craft breweries, in order
to allow the respective ongoing strong rise to proceed at an
accelerated pace (Fastigi et al., 2016);
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� Expanding tax exempts for agricultural craft breweries based at
organic or low-input farms growing typical old wheat varieties,
especially those varieties endowed with the healthiest nutra-
ceutical compounds, as well as with the best environmental
sustainability scores;

� Boost the funding to research on both technological (efficient
brewing processes, including exogenous enzymes-assisted
brewing), and economical/environmental assessment studies.

About the wider sector of food innovation, with particular
reference to organic farming of typical old wheat varieties, other
policy recommendations can be drawn from the comprehensive
analysis mentioned in Section 5.5 (Rossi, 2017).

The advocated paradigm shift from centralized and standard-
ized production of commercial beer to widespread distributed
production of craft beer based upon local resources, recalls the
basic aspects of the ongoing solar energy revolution (Meneguzzo
et al., 2015). Both involve quite large markets and incumbent
players constituting de facto oligopolies. In both cases, the actual
feasibility of the production paradigm shift is closely tied to tech-
nology advancement: with solar energy, it occurredwith the drastic
price drop of solar photovoltaic modules, with old healthy wheat
varieties and the respective brewing it could occur as a conse-
quence, among the others, of the breakthrough technology pro-
posed in this and previous studies by the authors (Albanese et al.,
2017a).

Entrepreneurship attitude is crucial in both fields: starting from
small, mainly isolated niches and few forerunners, tenths of thou-
sand new companies and jobs in the millions were created in the
solar energy business worldwide in the course of few years, while
farmers and craft brewers are moving promising early steps also in
search for a distinctive marketing message.

Last, political will: as it was key to boost solar energy with feed-
in tariffs and, later, auctions and tax relief, a bold fiscal leverage
could boost both cultivation of typical old wheat varieties and
brewing with the respective grains, in the interest of public health
and the environment.
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