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Abstract

Purpose With the expansion of microbreweries and rising demand for craft beer, attention has increasingly turned to hops
(Humulus lupulus), a key brewing component that remains understudied from an environmental impact perspective. This
study assesses the environmental burdens of hop production in a new French growing region, comparing organic and con-
ventional systems under contrasting yield levels, and addressing whether GIS-based nutrient emission modelling improves
the representation of spatial variability in agricultural Life Cycle Assessment (LCA).

Methods An attributional cradle to farm-gate LCA was conducted for hop production systems located in Aquitaine. 1kg of
dried hop cones before pelletization was chosen as the Functional Unit (FU). The perennial cycle was represented over a
20-year lifespan by distinguishing establishment and productive phases and normalizing total impacts by cumulative produc-
tion. Impact categories included Global Warming (GW), Terrestrial Acidification (TA), Terrestrial and Freshwater Ecotoxic-
ity (TET - FET), Freshwater Eutrophication for nitrogen (FEn) and phosphorus (FEp), and Water Scarcity (WS). Nutrient
leaching was estimated with InVEST Nutrient Delivery Ratio (NDR) model and compared with conventional approaches.
Results and discussion Hop production was found to carry considerable environmental burdens, mainly driven by fertiliza-
tion intensity, fuel-related field operations, and energy use during kilning. Organic low-yield systems showed the lowest
impacts for GW and TA, whereas organic medium-yield systems exhibited markedly higher FE due to intensified nutrient
inputs. Compared with U.S. benchmarks, French systems in new cropping regions showed roughly double carbon foot-
prints due to low yields. At beer production level, hop use becomes environmentally significant in highly hopped craft
styles (48 g/L) challenging the assumption that hops are negligible contributors. GIS-based nutrient modelling revealed that
hydrological connectivity can substantially alter leaching estimates relative to conventional Tier I-II methods.

Conclusions Hop cultivation can entail relatively high environmental burdens per kilogram of product, particularly when
yields are low. Enhancing yields while optimizing fertilizer inputs is therefore essential to reduce impacts in emerging
growing regions. By integrating GIS-based emission modeling into LCA and disentangling N and P-driven eutrophication
with regionalized factors, this study provides management-relevant evidence to support the optimization of fertilization
strategies. It also offers a transferable framework for other agricultural systems in which nutrient losses are a major driver
of environmental impacts.
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1 Introduction

Agricultural production is a key driver of resource use,
water pollution and greenhouse gas (GHG) emissions. For
example, agriculture accounts for 72% of freshwater with-
drawals worldwide (FAO 2021), contributes to 2/3 of global
nutrient loads in surface water streams (Yang 2022), and
22% of GHG emissions can be attributed to agriculture, for-
estry and land use (IPCC. Intergovernmental Panel for Cli-
mate Change, Arias and Bellouin 2021). As such, a detailed
quantification of impacts and mitigation options is of crucial
relevance, so informed choices can be made at the supply
chain (Nemecek et al. 2024). Life Cycle Assessment (LCA)
is the preferred approach for evaluating the environmental
impact of the agri-food supply chains (Clark and Tilman
2017; Thoma et al. 2022). Its application has been crucial
in the current understanding of which phases of the produc-
tion cycle of food systems have the greatest impacts and
how they can be improved to be more sustainable (Poore
and Nemecek 2018). By accounting for different life cycle
phases, shifts in environmental burdens between life cycle
stages can be avoided.

Beer is the fifth most consumed beverage in the world
besides tea, carbonated soft drinks, milk and coffee, and
it continues to be a popular drink with an average annual
consumption of 8.6 L per capita by population aged above
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18 (OECD 2023). Hops (Humulus lupulus), a key ingredi-
ent in beer, are primarily used for their aroma and bittering
properties. While the hop industry plays a key role in the
beer supply chain, there is little scientific consensus on how
much this crop contributes to GHG emissions (Sipperly and
Ziegler 2014) or how sustainable its production is.

When it comes to their influence on beer’s flavor and
bitterness, hop varieties can be classified in two categories:
alpha hops and aroma hops (Oladokun et al. 2017). While
traditional hop production has focused on alpha hops for
massive production of light beer, the popularization of craft
beer and beer styles such as Pale Ales (PA) and India Pale
Ales (IPA) has led to an increase in the cultivation of aroma
hop varieties beginning in the 90s (Almaguer et al. 2014).
Although hops are used in much smaller quantities com-
pared to other key ingredients like barley or wheat, their
impact on flavor is significant. For example, lighter beers
such as Lagers typically contain between 0.5 to 3 grams
of hops per liter. In contrast, hopped styles, such as IPAs,
Stouts, or some Pilsners, generally range from 4 to 16 g/L,
with extreme hopped beers reaching concentrations up to
22 ¢/L (Lafontaine and Shellhammer 2018; Klimczak et al.
2023).

Besides this contrasting hop intensity among beers, most
environmental analyses that include hops evaluate them
indirectly within brewing LCAs using beer as the functional
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unit (Mattila et al. 2012; Amienyo and Azapagic 2016;
McDonagh et al. 2024) and to the best of our knowledge,
only one peer-reviewed carbon footprint study has specifi-
cally addressed hop cultivation under the LCA framework
(Hauser 2019). Under this approach, hop-related impacts
are generally considered negligible (due to the typical low
hop concentration of conventional Lager-style beers) result-
ing in minimal estimated impacts (Beverage Industry Envi-
ronmental Roundtable 2012), or initially excluded from
the scope (Saget et al. 2022). However, in recent decades,
beer production has shifted from large-scale uniform output
(American Lager) towards many smaller producers making
diverse craft styles. This change is driven by a shift in con-
sumer tastes and trends such as the rise of the “buy local”
movement (Cabras et al. 2023). The growth of breweries
in the U.S. illustrates this trend: from just 48 breweries in
1981 to about 1700 by 2011, reaching 9612 operating craft
breweries in 2024 (Dighe 2017; Gribbins 2025). This is
also happening in Europe. French hop production has seen
renewed interest mainly due to the rise of microbrewer-
ies. France now has around 2500 breweries, the most in
Europe, and consumes 68% of its own beer (Coulon 2024).
Historically, hop production in France was concentrated in
the Alsace region, but the recent rise of microbreweries has
driven expansion into new areas, such as Aquitaine. French
annual production is about 940 t, less than 1% of global hop
output (=113 mt), a market dominated by Germany and the
U.S., with a 41% and a 35% of world share respectively
(BH 2024). Still, this shift in beer production has boosted
demand for local and organic hops, making France one of
the few countries where a significant share (around 30%) is
dedicated to organic hop farming. Though small in volume
(around 200 t in 2024), this organic production is valued
for its high quality (Ruggeri et al. 2024). Despite the land
dedicated to hop production is expected to keep increasing
in the next years (BH 2024), specific environmental data for
hop cultivation remains scarce, especially for new growing
regions and organic systems. Moreover, previously envi-
ronmental assessments on beer production are not reflect-
ing current practices on the brewing supply chain (i.e. hop
concentration) or variability among producing regions (US
and Europe).

LCA allows for the systematic evaluation of environ-
mental impacts along the production chain, including raw
material extraction, processing and transport, as well as on
field agricultural emissions and land use change impacts.
However, agricultural systems inherently exhibit high lev-
els of spatial variability, which are influenced not only by
farm management but also by environmental variables such
as soil type, topography, and local climate, playing a criti-
cal role in determining inputs such as fuel consumption or
water demands. While farmers have limited influence over

pedoclimatic conditions, representing them accurately is
essential for improving the robustness of LCA studies. For
example, determining the most suitable fertilizer dose is
particularly challenging due to differing nutrient require-
ments driven by variations in soil quality between fields
and among farms (Senske et al. 2020). Additionally, ped-
oclimatic conditions influence environmental outcomes,
including nutrient leaching and gaseous emissions (Lee
et al. 2020). This is particularly relevant for nitrogen (N)
management, as around 50% of the N applied to agricul-
tural soils is not absorbed by crop plants, with a significant
fraction instead immobilized by the soil microbiome (Liu et
al. 2016). N losses occur through various pathways, includ-
ing direct emissions as nitrous oxide (N20), volatilization as
ammonia (NHs) and nitrogen oxides (NOy), and leaching of
nitrates (NOs") into water bodies (Pan et al. 2016; Wowra et
al. 2021). These processes make fertilization a major driver
of environmental impacts in agricultural systems, particu-
larly for impact categories such as freshwater eutrophica-
tion, terrestrial acidification, and climate change (Singh et
al. 2024).

As real-measured data for on-field emissions (i.e. leach-
ing or gaseous) is resource intensive, if often inaccessible,
LCA relies on emission factors. Those are an efficient, stan-
dardized, and broadly applicable way to assess agricultural
emissions (Adewale et al. 2018). Tier I models use generic
emission factors, simplifying assumptions, while Tier II
models use national emission factors (in some cases, at
regional level) specific to the activity, with more complex
assumptions. Tier III methods are based on mechanistic
models and high-quality data. The combination of different
models and tools provides a potential way to address spatial
variability, but it can lead to inconsistencies. Mechanistic
simulation models (Tier III) can help analyze specific pro-
cesses. However, they are often too complex and therefore
the use in LCA is limited (Avadi et al. 2022). They require
a large amount of input data, which is often unavailable
for a given application. Additionally, combining multiple
simulation models generally exceeds the scope of a proj-
ect (Nemecek et al. 2024). Therefore, medium-complexity
models (Tier II) normally offer the best trade off: they are
detailed enough to assess mitigation options and account
for the main influences of pedoclimatic conditions, yet
they are also scalable and require a moderate amount of
data (Knuchel et al. 2009). Recent advances highlight the
potential of integrating Geographic Information Systems
(GIS) into LCA frameworks to better represent spatial het-
erogeneity in agricultural systems (Pfister et al. 2020; Kaita
and Harun 2023; Shi and Yan 2024). GIS are widely used
to assist policy makers in spatial planning by combining
data from different sources, such as satellite images, land
use land cover (LULC) data, and field data within advanced
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algorithm models (Gonzalez et al. 2011; Grieco et al. 2024,
2025). However, within the context of LCA, their appli-
cation remains limited, despite their potential to represent
significant advancement in emission modeling in agroeco-
systems (Chaplin-Kramer et al. 2017).

This study focuses on addressing mentioned gaps: (i)
providing primary-data-based environmental profiles of
hop production, (ii) comparing conventional and organic
regimes under different yield levels, and (iii) integrating
GIS emission modelling within the LCA framework to bet-
ter capture spatial variability among crops. To achieve this,
we conducted an attributional LCA of hop production based
on data collected directly from farmers in Aquitaine, a new
hop production region in France, under different scenarios.
Each scenario was evaluated across multiple impact catego-
ries commonly applied in agricultural LCAs. Results were
then stratified by yield levels and by production regime
(conventional vs. organic) and compared with findings from
previous studies. A brief discussion on nutrient leaching
emission models was included to assess differences between
the applied GIS model and two traditional LCA approaches.
Finally, we offer potential strategies to reduce the environ-
mental burdens associated with hop cultivation, as well as
implications for the beer supply chain.

2 Materials and methods
2.1 Study area and scenarios

This study was carried out in collaboration with HOPEN, a
hop trader cooperating with a group of hop producers estab-
lished in Aquitaine region. Farms under study are distrib-
uted across middle and southwest France (Fig. 1).
Aquitaine is characterized by a temperate climate with
warm summers and constant rainfall (800—1300mm)
throughout the year (The Climate Data 2025). Crop-
lands under study were dedicated to agriculture in the last
20years, producing arable crops, mainly orchards. A mix of
hop varieties is cultivated on each farm: Nugget, Willamette,
Cascade, Chinook, Mount Hood or Babe Rouge among oth-
ers. Two production regimes were assessed: organic and
conventional. Due to the availability of representative data,
and the growing interest in organic hop cultivation, four sce-
narios were defined for the organic regime (O-1 to O-4),
and one for the conventional regime (C-1). All the scenarios
differ in terms of use of agrochemicals (including mineral
and organic fertilizers and phytosanitary such as herbicides,
fungicides and insecticides) and biomass yields (Table 1).
Conventional production relies on mineral fertilizer, such
as ammonium nitrate, and synthetic chemical pesticides,
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including herbicides like Fluazifop-P' and aluminum-based
plant protection products. In contrast, organic regimes use
amendments derived from composted manure and organic
residues. Pest and disease management in organic regimes is
restricted to substances approved under organic certification
standards. For instance, copper-based fungicides are permit-
ted but strictly regulated, with a maximum application rate
of 28kg-ha™! over a seven-year period (EC 834/2007).

2.2 Cultivation systems

Female hop plants are planted using rhizomes in fields with
7.5-8m high trellises composed of wooden posts and steel
wires that form rows with vertical strings (cocoa fiber)
from the ground to the trellis. 1ha of hopyards is com-
posed of 100-120 posts with approximately 10 plants per
post, spaced in a 1.1 x3.2m pattern. Fertilization and soil
preparation are carried out between March and May. From
June to August, drip irrigation is implemented to support
optimal crop establishment. Pest treatments are conducted
from March to August. The harvest begins between late
August and mid-September, when cones reach maturity. To
remove the plants, bottom-cutting tractors first cut the twine
at the base, leaving the plants hanging from the trellises to
start drying. Then, top-cutting tractors cut the twine at the
top, dropping the plants into a following truck. Harvesting
machines separate cones from the rest of the plant. At this
stage, the moisture content in the hop cones is approximately
75-80% (Oladokun et al. 2017). Because hops need to be
preserved postharvest, they are kilned at 55 °C for 6-9 hours
depending on the variety, until they dry to about 10% mois-
ture. After cooling for 24 hours, the dried cones are wrapped
in burlap or polyethylene bags and loaded onto trucks. To
prevent oxidation and facilitate its use, dried cones are pel-
letized and stored in bags with controlled atmosphere.

2.3 Environmental assessment

Attributional LCA methodology was applied in accordance
with the guidelines established in ISO 14040 and ISO 14044
(ISO 2021a, b) (Fig. 2). In attributional LCA, all inputs and
outputs of a production system are attributed to the func-
tional unit by linking and/or partitioning the unit processes
of the system according to normative rules (e.g., allocation
factors based on economic, mass or energy values, among
others).

The environmental performance is quantified by the fol-
lowing impact categories with high importance in the agri-
cultural sector (Alhashim et al. 2021): Global Warming
(GW), Terrestrial Acidification (TA), Terrestrial Ecotoxicity

! Common name for: (2R)-2-(4-([5-(trifluoromethyl)pyridin-2-yl]
oxy)phenoxy)propanoic acid
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Fig. 1 Distribution of the assessed hop producers in Nouvelle-Aquitaine region of France. (O= organic, C= conventional). Brault=0-1; Mas-

set=0-2; Canal=0-3; boueilh=0-4; cadalen=C-1

(TET) and Freshwater Ecotoxicity (FET); which were quan-
tified using ReCiPe 2016 v 0.9 Hierarchist Midpoint method
(Huijbregts et al. 2017). Besides, some widely used impact
assessment frameworks in LCA, such as ReCiPe2016, LC-
IMPACT (Verones et al. 2020), or IMPACT World+ (Bulle
et al. 2019), provide spatially applicable CFs for a range of
categories, including freshwater eutrophication, these mod-
els typically assume phosphorus as the sole limiting nutrient
in freshwater systems, neglecting the numerous freshwater
systems across the world where eutrophication in freshwa-
ter is co-limited by N and P or even N-limited (Elsaholi
and Kelly-Quinn 2013; Zhou et al. 2022). To address this

limitation, Freshwater Eutrophication for nitrogen (FEn)
and Freshwater Eutrophication for phosphorus (FEp) were
quantified by applying characterization factors (CFs) devel-
oped by Payen et al. (2021), which are spatially differenti-
ated for France and include both dissolved inorganic N and
dissolved inorganic P fate factors applied for nutrients export
by rivers. Finally, Water Scarcity (WS) was assessed using
the AWARE method v1.06 (Boulay et al. 2018) because
it considers not only water consumption but also regional
water availability. All these indicators were evaluated with
SimaPro® software v 9.6 (Pré Sustainability 2022).
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Table 1 Scenario description. O= organic, C= conventional.
Brault=0-1; Masset=0-2; Canal=0-3; boueilh=0-4; cadalen=C-1.
Yield classification was conducted considering ranges of 1.4 to 2.4 t
of dried hop cones-ha™!, which are typical yields for hop production
in Europe, according to Rossini et al. (2021). Note that some farms
exhibit performance variability, as several fields within each farm were
assessed under different production levels

Scenario  Fertiliza- Phytosanitary Average yield
tion strategy (kg dried
(kg-ha™! -yr'h cones-ha™!
yr D
O-1 N =300, Copper-based fun- ~ Medium: 1459
p=500 gicides and organic
treatments
0-2 N=24;p=0 Organic treatments ~ Low: 832+£355
0-3 N=190; P=30 Organic treatments Low: 475+221
0-4 N=240; P=24 Organic treatments Medium:
1502+804
C-1 N=175;P=3 Synthetic herbicides, Low: 641

fungicides and
insecticides

2.3.1 Scope and system boundaries

The functional unit (FU) serves as the reference unit for cal-
culating all inputs and outputs within the system under study.
1 kg of dried hop cones (10% moisture) before pelletization
was used as the FU. This mass-based unit gives breweries
an idea of how to manage their supplies to minimize envi-
ronmental impacts associated with beer production, and
farmers can adapt their agronomic practices while integrat-
ing productivity metrics. To conduct the assessment, a cra-
dle-to-farm gate approach was followed (Fig. 3) including
within the system boundaries: raw material extraction (e.g.,
fossil fuels, minerals), agrochemicals production, machin-
ery production and maintenance, all field operations carried
out (including trellis installation, soil preparation, fertilizer
and phytosanitary application, pruning and harvesting) and
kilning (i.e. drying hop cones in industrial oven).

The perennial cycle of hop cultivation was modelled
over a 20-year lifespan. The establishment phase (Year
0-1) was modelled using scenario-specific establishment

data, including trellis installation, planting operations, and
first-year input requirements. The productive phase (Years
1-20) was represented using farm data collected for the year
2024 replicated across years. Total inputs and emissions
were aggregated over the entire lifespan and normalized by
cumulative hop production to express impacts per FU. Yield
performance was obtained from data collected over four
years of production. To project yields over a 20-year period,
the same modeling approach was applied to all systems,
based on a typical progression in which maximum yield is
reached by year 4, maintained until year 8, and then grad-
ually declines (Magadan et al. 2011; Rossini et al. 2021)
to better represent perennial cycle in the LCA framework
(Bessou et al. 2013). However, changes in input demands
(and derived emissions) or potential impacts from pests, dis-
eases, and climate change over the 20-year span, were not
considered in this projection. No allocation to residues from
the plants is performed, as they are shredded and deposited
into the soil (acting as an organic amendment).

2.3.2 Life cycle inventory

Operations and requirements of the crops are different in the
first year than in the following ones. The life cycle inventory
data for the foreground system (direct agricultural inputs)
such as primary and site-specific data (information concern-
ing tractors and implements, labor hours and input rates)
for all case studies were directly collected on the farms by
means of surveys and interviews with farmers. Secondary
data regarding the production of the different agricultural
inputs were taken from ecoinvent® v3.10 database (eco-
invent 2023) and complemented with Agri-footprint v6.3
database for specific purposes (Blonk Consultants 2022).
Table SM 1 and Table SM 2 in the supplementary materials
summarize inventory data related to the cultivation systems
associated with 1 ha of cultivated system for the year 0 and
years 1 to 20 respectively, including dataset description of
background processes.

On-Field emission models |

| Non — regionalized CFs

| Contribution analysis |

*N,O:IPCC

* NH;, NO, : EMEP/EEA

*NO;, PO, : INVESTNDR +——
* Pesticides: PEF rules

GIS nutrient

Foreground leaching model

activities

* Global Warming (GW)
* Terrestrial Ecotoxicity (TET)
* Freshwater Ecotoxicity (FET)

| Sensitivity analysis

* + 20% fertilizer intensity

| Farm data | |
ckeround — | LCA Databases

Regionalized CFs

* Ecoinvent v3.10
* Agri-footprint v6.3

Life Cycle Inventory

« Terrestrial Acidification (TA)
* Freshwater eutrophication (FEn / FEp)
* Water Scarcity (WS)

Fig. 2 Technical roadmap of environmental analysis. CFs=characterization factors
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Fossil fuels
production

Phytosanitary
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Fertilizers
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Electricity
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Infrastructure
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Background

activities

Emissions to air, water and soil

Fig.3 Scheme of the system boundaries

2.3.2.1 Onfield emissions and nutrient leaching model Sev-
eral empirical models are employed to estimate field emis-
sions resulting from application of mineral fertilizers,
organic amendments (including pruning residues) and phy-
tosanitary treatments (Fig. 2): IPCC Guidelines for National
GHG Inventories, which are used to quantify direct and
indirect N,O emissions (IPCC 2019a); the European Envi-
ronment Agency (EEA) and the European Monitoring and
Evaluation Program (EMEP/EEA 2023) for the emissions
of NO, and NH;.

The InVEST® Nutrient Delivery Ratio (NDR) model
v3.14.3 (Natural Capital Project 2024) was used to assess
crop’s capacity to buffer nutrient loads associated with fer-
tilization. The model enabled us to compare the resulting
NO; and PO,* loads reaching nearby surface water bod-
ies, thereby improving the accuracy and resolution of the
life cycle inventory. The model computes a nutrient mass
balance based on (i) the nutrient loading rates associated
with the crops in the landscape, and (ii) the retention prop-
erties of different Land Use (LU) classes belonging to the
same flow path. Next, the model uses topographic routing
and an index, the NDR factor, to emulate the movement of
nutrients across the landscape and into a watercourse. The
NDR factor is calculated for each “landscape cell” based on
the properties (e.g. slope, retention coefficient, quick flow

|
1 Foreground I
| activities
I Phase 1. Crop establishment. Year 0-1 |
______________________________ |
| r 3 r ) [
I 1 Soil preparation and cultivation 1 I Trellis system | |
|
|1 ) Soil L | initial - ! 1 Trellis Rope [
I I Land clearing == yoscompacting fertilization [ [ Cultivation | 1 installation installation I !
|
I ! e e e e e e e = 4
I |
- . |
| Phase 3. Kilning and packaging
1 Phase 2. Crop management and harvesting. Year 1-20 :
| I | I
L | : ! Ly
1 | Cultivation cycle | | Harvesting I I 1
|
1|1 1! 1 I I
. i L icki Packaging I
I I mulching ertiization treatment Irrigation =¥ machine | | ! |
| I | I L 1 I
I L T . R (™ — o —
| |

cones

events, hydrologic balance, etc.) of cells that belong to the
same flow path. At the catchment outlet, the nutrient export
to water is calculated as the sum of the cell-level contribu-
tions. A detailed description of the model can be found in
Redhead et al. (2018) and Natural Capital Project (2024).
Sources of all the inputs required for the simulation of this
model are provided in Table SM 3. Also, simulation inputs
and outputs for each scenario are provided in Table SM 4
in the supplementary materials. For discussion purposes
(Sect. 4.2.), two alternative nitrogen leaching estimation
approaches were independently implemented in Microsoft
Excel: IPCC Tier I approach (IPCC 2019b) and SQCB Tier
II approach (Ziep et al. 2009).

To estimate the emissions of active ingredients associ-
ated with the use of different phytosanitary products into
air, water and soil, the European Commission’s Product
Environmental Footprint Category Rules (European Com-
mission 2017) were applied. Following this framework, pri-
mary distribution of active ingredients was assumed as 9%
to air, 1% to water, and 90% to soil.
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3 Environmental results

3.1 Contributing activities to environmental
profiles

The environmental profiles, as displayed in Fig. 4, are dis-
tributed in six big contributing factors: Irrigation includes
water extracted from natural sources and the drip-irrigation
system (mainly pipes, pumps and electricity); Field opera-
tions include all activities related to machinery and diesel
provision, as well as diesel on field emissions; both Fertil-
izers and Phytosanitary include input acquisition and post-
use emissions; Infrastructure is composed of trellis system
(which includes wood posts, creosote treatment, steel ele-
ments and ropes); Kilning process includes industrial oven
and fuel acquisition, as well as emissions resulting from
burning propane or diesel (depending on the farm).

Field operations, fertilizers and kilning are the main
contributors to GW across all systems. However, their rela-
tive influence varies among scenarios. Systems O-3, O-4,
and C-1 share similar GW profiles, with field operations
contributing from 36 to 45%, fertilizers ranging 28-37%,
and kilning 18-23%. In contrast, O-1 is clearly fertilizer
dominated (50% of total GW impact), followed by kilning

?m

100% g F

90%

80%

70% 2

60%

50%

40%

Distribution of environmental burdens

30%

20%

10%

0%

(30%), and field operations playing a minor role (14%). On
the other side, O-2 shows a distinct order: where field opera-
tions (41%) and kilning (39%) dominate, while fertilizers
contribute only 7%, reflecting its reduced nitrogen input
intensity. Minor contributions from phytosanitary products,
infrastructure, and irrigation are consistent across all sys-
tems. Electrification presents a promising opportunity to
decouple the kilning process from carbon-intensive energy
sources, as electric kilns appear to offer greater energy effi-
ciency and can be powered with solar energy (Cinardi et al.
2025).

TA impact is mainly driven by fertilizer use, with marked
consistency in four out of the five systems analyzed. TA
is primarily associated with the release of acidifying sub-
stances such as NHs or NOy, which volatilize into the
atmosphere and are later deposited into soils, leading to
acidification of terrestrial ecosystems. Fertilizers contrib-
uted between 82 and 87% of the total TA impact in O-1,
0-3, O-4, and CI1. This is largely attributed to two stages:
the upstream production, and the field application phase.
The latter is generally the main source of agricultural NHs
emissions. Secondary contributions in these systems come
from field operations (4—14%) and kilning (1-8%), mostly
due to the combustion of fossil fuels generating acidifying

§ E—Exm

0O-1 0-2 0-3 0-4 C-1 O-1 0-2 0-3 0-4 C-1 O-1 O-2 O-3 0-4 C-1 O-1 O-2 O-3 O-4 C-1 O-1 O-2 O-3 0O-4 C-1 O-1 O-2 O-3 O-4 C-1 O-1 O-2 0O-3 0-4 C-1
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Irrigation Field operations Fertilizers
Fig. 4 Contribution analysis across production systems and impact
categories. Acronyms: GW — global warming; TA — Terrestrial acidifi-

cation; FEn — freshwater eutrophication, nitrogen related; FEp — fresh-
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Table 2 Resume of environmental results (per kg of dried hops)
FU: 1kg of dried hops GW TA FEn FEp FET TET WS
kg CO,eq g SO2eq gNeq gPeq kg 1,4-DCB kg 1,4-DCB  m’
Organic, medium yield 13.25 0.20 65.11 12.79 167.03 0.36 26.36
Organic, low yield 9.89 0.10 11.82 2.11 188.71 0.39 18.22
Conventional, low yield 10.64 0.14 11.73 1.38 240.80 0.55 39.48
Average+standard deviation ~ 11.26+1.44  0.15+0.04  29.55+25.14  5.43+5.22  198.85+30.96  0.43+0.08 28.02+8.76
Fig.5 Comparative environmental ® Organic, medium yield Organic, low yield Conventional, low yield
profile between hop production sys-
tems. Related to the FU. Acronyms: 100%
GW — global warming; TA — Terres- o 0%
trial acidification; FEn — freshwater b ’
eutrophication, nitrogen related; g 60%
FEp — freshwater eutrophication, g
phosphorus related; TET — Terres- S 40%
trial ecotoxicity; FET — freshwater 3,
ecotoxicity; WS — water scarcity E 20%
O
0%
FET WS

GW

NO.. System O-2 diverges from this trend as a result of a
reduced N input strategy, where emissions from combustion
processes gain relative importance in the system’s overall
acidification profile.

For FEn, fertilizers are by far the dominant contributors
across all systems, accounting for over 90% of the impact in
each case, highlighting the critical role of nitrogen leaching
from fertilization in freshwater eutrophication. Although
fertilizers still account for most of the P-related eutrophica-
tion (e.g., 95% in 0-4, 91% in O-1, 68% in O-3), the con-
tribution from other sources such as field operations and
infrastructure becomes more noticeable. P-related eutro-
phication can be more sensitive to other lifecycle stages,
such as machinery use or infrastructure materials (e.g., steel
production).

Typically, phytosanitary products such as pesticides, her-
bicides and fungicides are expected to be major contributors
to ecotoxicity categories in agricultural systems. However,
characterization profiles revealed a surprisingly low con-
tribution from phytosanitary processes across all systems,
contributing no more than 7% to FET and less than 4% to
TET. Instead, the dominant contributions to TET and FET
arise from field operations (machinery and diesel produc-
tion) and infrastructure. Key contributors within infrastruc-
ture include the acquisition of creosote-treated wood, steel
components, and to a lesser extent, coconut fibber ropes
imported from South America. This outcome likely reflects
the influence of stringent regulatory frameworks particularly
the enforcement of maximum residue limits (EC 396/2005)
which constrain both the frequency and intensity of pesti-
cide applications.

WS serves as an indicator representing the relative avail-
able water remaining per area in a watershed, after the

TA

FEn FEp TET

demand of humans and aquatic ecosystems has been met
(Boulay et al. 2018). It assesses the potential of water depri-
vation, to either humans or ecosystems. As expected, it is
fully dominated by irrigation in all systems (90-96%).

3.2 General comparison

A comparison was performed in terms of the FU. Because
average yields vary widely among the systems (Table 1),
they were grouped into three categories: O-1 and O-4 under
an organic medium yield scenario; O-2 and O-3 under an
organic low yield scenario; and C-1 under a conventional
low yield scenario.

Table 2 and Fig. 5 summarize the environmental per-
formance of the selected categories. Raw results for each
production system can be consulted in Table SM 5 in the
supplementary materials. Organic low yield systems stand
out with the lowest impact in GW and TA categories primar-
ily due to a reduced nitrogen input strategy. However, these
systems showed moderately higher values for freshwater
and terrestrial ecotoxicity compared to their high-yield
counterparts. In contrast, organic high-yield systems, while
maximizing productivity, are associated with significantly
elevated freshwater eutrophication impacts, due to intensi-
fied nutrient inputs to sustain higher yields. Conventional
low-yield systems present intermediate results for GW, TA
and FE impacts, but demonstrate higher ecotoxicity and WS
impacts.

Clear differences among practices are visibly represented
in TA, TET, FET and WS, but especially for FEn and FEp.
This limited divergence can be attributed to several inter-
related factors: Yield levels are closely linked to fertiliza-
tion intensity. A Spearman rank correlation analysis was
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performed to formally test the relationship between yield
and fertilization intensity. A moderate positive association
was observed between nitrogen input and yield (p=0.60;
p=0.28). The association between phosphorus input and
yield was weaker (p=0.30; p=0.62). Although statisti-
cal significance was limited due to the small sample size,
the results suggest a tendency towards higher yields under
higher nitrogen input levels. When analyzing categories
nonrelated to fertilizer intensity like FET, TET or WS,
organic systems result in less environmental impacts. How-
ever, in categories indirectly linked to fertilization, such
as FE, GW or TA, differences became apparent, despite
organic amendments typically having lower environmental
burdens (as they come from organic residues). The greatest
divergence was observed in freshwater eutrophication (FEn,
FEp), where systems with higher fertilizer intensity showed
disproportionately higher impacts, confirming that fertiliza-
tion strategy is a dominant driver of environmental impact
over all life cycle stages of hop production.

3.3 Sensitivity and uncertainty analysis

Fertilization was identified as a key hotspot in several impact
categories; therefore, its influence was tested by conducting
a parametric sensitivity analysis by changing the amount
of fertilizer applied in each scenario by +20% relative to
the baseline. The variation was implemented in SimaPro®
using parametrization sets. The sensitivity analysis revealed
differentiated responses across impact categories (Fig. 6).
GW showed limited sensitivity to fertilizer variation with
changes ranging from less than 1% (O-2) to about 6% (O-1).
TA exhibited a stronger response, with impacts varying by
approximately £8—17%, reflecting the important contribu-
tion of fertilizer-related emissions, particularly NH; vola-
tilization. The highest sensibility was observed for FEn,
showing almost a proportional response, with changes close
to +18-20% across all systems, as expected. FEp showed a

Fig.6 Sensitivity analysis. 120%
Results of each scenario are nor-
malized to the base line (100%)

more heterogeneous response. Impacts varied by approxi-
mately +18-19% in systems O-1 and O-4, +12% in O-3,
and around +6% in O-2 and C-1 suggesting a greater con-
tribution from non-fertilizer-related processes. Changes in
the remaining impact categories (TET, FET and WS) were
below 1% across all systems and are therefore not discussed
further.

Data uncertainty was assessed performing a Monte Carlo
simulation (up to 250 iterations). Results of the uncertainty
analysis for the elected impact categories are reported in
Supplementary Materials (Table SM 6).

4 Discussion

4.1 Carbon footprint comparison with previous
studies

Hauser (2019) calculated the carbon footprint of hop pro-
duction using existing literature and industry data from hop
farms in the US Pacific Northwest (the region accounting
for most of the American hop production in 2017). Under
the scope, they included agricultural machinery, irrigation,
fertilizers, soil emissions, pesticides, and kilning. How-
ever, infrastructure related to the trellis system was not
included or specified. They reported a carbon footprint of
3.5 to 5.5kg COzeq per kg of hop pellet, values consistent
with additional unpublished estimates for U.S. aroma hops:
4.1-5.1kg CO2eq/kg (Bristol 2022). The values achieved in
the present study double (and in some cases nearly triple),
besides having a very similar share of emissions attributed
to processes such as machinery and kilning (Table 3). This
substantial difference is closely linked to lower yields in
French systems (between 500 and 1200 kg/ha) compared to
those in Oregon and Washington (around 2200 kg/ha). Yield
is a critical factor. In new hop growing areas of France,
farms have not achieved yields high enough to offset the

115%
110%
105%
100% - --- - -  miel mbel el min miw mbm miw B
95%
90%
85%
80%
75%
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Table 3 Absolute emissions (kg COzeq per kg hop) and percentage of
contribution of each emission source based on a cradle-to-farm-gate
scope. For US (Hauser 2019) and French hop production systems

Emission U.S. (high  %(US) France %
Source (GW)  yield) (low to mid (France)
(kg CO2eq/ yield) (kg
kg hop) CO:eq/kg hop)
Kilning 1.7 31-48% 1.8-5.2 18-39%
Field 0.5-2.0 1042% 1.4-6.0 14-45%
operations
Fertilizer 0.3-1.2 5-22% 0.7-6.7 7-50%
production
Irrigation 0.5 9-14% 0.2-0.9 2-7%
Soil emissions  0.1-0.4 2-7%  0.5-2.0 5-15%
Pesticides 0.05-1.1 1-20% <0.9 <7%
Infrastructure - - <0.5 1-4%
Total GW 3.5-5.5 100% 9.9-13.3 100%

increased environmental burden. A key contributing factor
is the limited agronomic expertise among growers, particu-
larly within organic systems. In contrast, constant inputs
and regional yields were assumed for the well stablished
US fields; for example, assuming 140kg N/ha across yield
levels. While this assumption is within the recommended
nitrogen application range for hops in the US Pacific
Northwest (112—-168kg N/ha) (Sullivan et al. 1999) it may
underestimate true fertilizer use at high productivity levels.
Also, while they considered only one year of production,
we considered a 20-year approach, with a yield progression,
and including infrastructure installation and dismantling.
Considering these assumptions, our results for GW remain
within the same order of magnitude, suggesting that yield
difference due to optimized growing techniques is the key
driver of the observed variation.

Due to the lack of published LCAs on hop production
with a comparable scope, direct benchmarking with other
impact categories was not possible.

4.2 Addressing spatial variability in leaching
models

Several approaches have been developed to estimate nutri-
ent leaching in agroecosystems, varying in complexity, data
requirements and spatial accuracy. One of the most widely
used methods in agricultural LCA studies is the IPCC (2021)
approach (Tier I), which applies a fixed emission factor per
kg of nitrogen applied, with the objective of estimating the
fraction leached as nitrate that may subsequently contribute
to induced N2O emissions. While this method is simple and
easily applicable in national inventories, it lacks the abil-
ity to reflect spatial and temporal variability in soil-climate
conditions and site-specific management practices. More
refined, Tier IT models such as SALCA-Nitrate or SALCA-
P (Nemecek et al. 2024) and the SQCB-NOs model (Ziep et

al. 2009) incorporate agroclimatic variables, crop rotations,
and soil characteristics, offering more realistic nitrate and
phosphate runoff estimations. However, their use is often
limited by regional specificity (e.g., SALCA’s calibration
for alpine environments) or by the need for detailed input
data that may not be available at larger scales. In this con-
text, the NDR model from the InVEST suite represents a
robust and scalable alternative, that explicitly simulates the
spatial transport of nutrients from source areas to receiving
water bodies, considering biophysical factors (e.g., slope,
vegetation cover, land use), local climate (e.g. monthly pre-
cipitation and evapotranspiration) and hydrological condi-
tions (e.g. quick run-off, river network) all obtained from
open sources (see SM section B). The comparison of nitro-
gen leaching estimates among three approaches (Fig. 7) fur-
ther illustrates these methodological differences. The IPCC
(2021) Tier I approach produced linear, proportional results
relative to the initial nitrogen load, reflecting its simplified
and generic emission factor structure. In contrast, the SCBQ
Tier II model reported intermediate values and showed
greater sensitivity to soil characteristics, particularly lower
clay contents, which enhance nitrate mobility. The spatially
explicit NDR (InVEST) model yielded the most conserva-
tive overall results, showing a stepped progression across
farms with a notable exception at O-4, where estimated
exports were considerably higher. This outlier corresponds
to a farm bordering a river (Le Mondot), highlighting the
model’s responsiveness to hydrological connectivity and
its ability to capture nutrient losses in fields located near
watercourses. These findings confirm that GIS-based mod-
els can reflect site-specific risks of nutrient contamination
and therefore complement traditional Tier I-II approaches
within agricultural LCA frameworks.

4.3 Implications for sustainable hop production

Maximizing yield while optimizing fertilizer inputs appears
to be the most effective strategy for minimizing environ-
mental impacts in hop production systems. This requires
balancing nutrient inputs within crop needs, confirming the
need for soil testing and site-specific fertilization strategies.
Requirements vary depending on soil characteristics and
growing region (Rossini et al. 2021). Indications go from
130 to 170kg/ha for N in temperate climates (Senske et al.
2020) and 100-150kg/ha in Mediterranean regions (Potop-
ova et al. 2021). Guidelines also indicate that P fertilization
is often overestimated. Hops typically have low P require-
ments, with suggested P amount to be applied ranging from
67 to 110kg/ha, when soil P concentration into the soil is
very low (0-30 ppm, Senske et al. 2020). These practices
could help reduce diffuse N and P losses, thus minimizing
impacts in key categories such as GW, TA and FE.
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Fig. 7 Estimated nitrate loads reaching water bodies as predicted by three emission modeling approaches (Tier I — IPCC, Tier Il — SCBQ, and Tier
II - NDR) for the systems under study. O-4 scenario showed higher expected nitrate emissions due to river connection with fields

Also, alternative ways to improve soil fertility have been
proposed such as the localized application of fertilizers or,
even better, the use of fertigation systems (Delahunty and
Johnston 2014; Rossini et al. 2021). Drip fertigation can
reduce all major N-loss pathways (NH;, N,O, NO;™ leach-
ing) compared to broadcast application of slurry liquid frac-
tion (Zheng et al. 2023; Zhu et al. 2023; Capra et al. 2025).
Given the high N demands of hops and the limitations of
organic fertilizers, integrating drip fertigation could signifi-
cantly improve nutrient use efficiency, maintain high yields,
and reduce fuel consumption related to the use of agri-
cultural machinery. Moreover, fertigation could also have
co-benefits by applying reclaimed water (i.e. treated waste-
water suitable for agricultural purposes) reducing impacts
on climate change and freshwater consumption (Hospido et
al. 2013; Canaj et al. 2021; Nadeem et al. 2024).

Finally, despite the growing interest in the application
of plant biostimulants in other crops, studies for hops are
very scarce (Prochazka et al. 2018). Still, some experiments
showed great results by applying a mixture of biostimulants
composed of humic and fulvic acids which increased yields
at a range of 0.40-0.49 t dried hop cones-ha !. However,
future studies comparing mineral and organic fertilizers
with biostimulants should consider upstream processes
associated with the production and acquisition of the latter.

4.4 Implications for the beer supply chain

On a per-kilogram basis, hop cultivation has a relatively
high environmental burden than other beer ingredients
such as barley or wheat (Dijkman et al. 2017; Tricase et al.
2018; Camara-Salim et al. 2020). However, the amount of
hops used for instance in lager beers is typically very low.
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Table 4 Estimated potential carbon footprint contribution of hops per
liter of beer. Assuming a range of 5.5-11.3 kgCO,eq/kg hop

Hop use (g/L) Hop emissions (g COz2eq/L) % of carbon
footprint in
beer

0.2 1.1-23 0.2%
-0.5%

3 16.5-33.9 3.3-6.8%

4 22.0-45.2 4.4-9.0%

8 44.0-90.4 8.8-18.1%

16 88.0-180.8 17.6-36.2%

For example, the revised Product Environmental Footprint
Category Rules (PEFCR) for Beer (European Commission
2025) assumes hop additions in the range of 0.2-0.4 g/L for
most beer styles. Under this assumption, the environmen-
tal contribution of hops is considered negligible (less than
1%) (Table 4). In contrast, craft breweries declare to use
between 4 and 16 g/L of hops in highly hopped styles such
as Pale Ales (Lafontaine and Shellhammer 2018). At these
levels, the contribution of hops becomes increasingly sig-
nificant (Table 4), potentially accounting for up to a third
of the total cradle-to-gate GHG emissions per liter of beer
when assuming 0.5kg CO,eq per liter of beer on a cradle to
brewery-gate approach (D’Ascenzo et al. 2024; European
Commission 2025).

Nonetheless, from a sensory and aromatic perspective,
Lafontaine and Shellhammer (2018) found that concentra-
tions within the 4-8 g/L range are considered optimal for
achieving desirable hop aroma characteristics, with satu-
ration occurring beyond 8g/L, yielding limited additional
perceptual benefits. Consequently, in such styles, the car-
bon footprint associated with hop use may account for a
substantially larger proportion of the total beer footprint,
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challenging current LCA assumptions and highlighting the
need for differentiated environmental assessments across
beer typologies.

4.5 Limitations and future opportunities

Some limitations should be acknowledged. First, the analy-
sis is based on a limited number of hop farms located in
an emerging hop-growing region. Production in newly
established regions is often characterized by considerable
variability in farmers’ expertise. Consequently, our results
should be interpreted as indicative of current practices
within this specific context rather than representative of the
entire French hop sector. Although the selected scenarios
capture relevant variability in management strategies, the
limited sample size restricts statistical representativeness
of the results, for example regarding fertilization intensity
and yield progression. Also, available data for the perennial
nature of hop cultivation required simplifying assumptions
regarding long-term crop dynamics. The productive cycle
was represented over a 20-year lifespan using a yield pro-
gression derived from literature, based on an initial four-year
of real yield data. However, under this approach, potential
variations of crop demands (e.g. fertilizer or phytosanitary
demands, and derived emissions) don’t change over time.
Future studies could address these aspects by incorporat-
ing dynamic modelling approaches or longer series of farm
data.

It is also important to consider the uncertainties associ-
ated with the use of the NDR model as a predictive tool.
Modeling of the watershed scale dynamics is challenging
(Breuer et al. 2008) and the NDR model includes relatively
limited number of the wide range of complex processes that
influence nutrient transport from land to watercourses (see
reviews in Edwards and Withers 2008; Péarn et al. 2012).
A review on the limitations of the NDR model was con-
ducted by Redhead et al. (2018) concluding that whilst it
gives good estimates of the relative magnitude of nutrient
exports across catchments, absolute values are frequently
underestimated.

More broadly, the integration of GIS-based models
within LCA framework also presents methodological chal-
lenges. Spatial models often require high-resolution envi-
ronmental data and site-specific parameters, which may not
always be available or easily transferable across regions.
This can limit the scalability and reproducibility of GIS—
LCA approaches when applied to larger geographical scales
or different pedoclimatic contexts. At the same time, the
integration of spatial modelling tools represents a promis-
ing avenue for improving the representation of site-specific
processes in agricultural LCA, particularly for nutrient
transport, water use and other landscape-dependent impacts.

Developing standardized workflows and harmonized data-
sets could facilitate the wider adoption and scalability of
GIS-LCA approaches in future environmental assessments.
Despite these limitations, the study also highlights oppor-
tunities for further research on environmental assessment
of hop production. Future work should focus on address-
ing performance at more well-established hop-producing
regions, for example in Germany or the US; as they are the
biggest producers globally, it would improve the representa-
tiveness of the hop footprint. Moreover, developing detailed
assessments for aroma and alpha hops would allow for the
evaluation of how brewing recipes influence the overall
environmental footprint of different beer types.

5 Conclusions

This study assessed the environmental profile of differ-
ent hop production systems in a new hop growing region
in France. Foreground data were improved by applying a
spatially explicit model for nutrient leaching, demonstrating
that GIS can be applied in the LCA framework as medium
complexity models accounting for spatial variability with a
moderate need for data and modeling expertise. By doing
so, its added value for regionalized assessments has been
demonstrated.

Carbon footprint, primarily driven by emissions associ-
ated with fertilization and energy use, was found to be dou-
ble on average than the U.S. systems, mainly because of low
yields. Therefore, enhancing the sustainability of hop culti-
vation in France, in new growing areas, requires increasing
yields, while optimizing fertilizer doses and delivery tech-
niques. Integrating carbon footprint reduction strategies,
such as precision agriculture, renewable energy sources,
and low-emission fertilizers, will be essential to align hop
production with climate change mitigation goals. Notably,
both organic and conventional hop production in France
exhibited low ecotoxicity impacts related to phytosanitary
product use, which is a positive outcome in the context of
pesticide management, but it revealed the need for including
infrastructure and machinery production under the scope of
agricultural LCAs.

Overall results indicate that hop cultivation exhibits rela-
tively high environmental burdens compared to other beer
ingredients such as barley or wheat. While its contribution
may be minimal in traditional lager styles (which still domi-
nate the global beer market) this impact becomes signifi-
cantly more relevant in high-hopped beer styles, particularly
within the growing craft beer segment. As the beer market
diversifies and expands to include a wider range of intensely
hopped varieties, the environmental footprint of hops can no
longer be overlooked.
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