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ABSTRACT

Household food waste remains a critical environmental challenge in the European Union,
driven by the disposal of perishable foods with high embedded carbon and water footprints.
This study investigates how advanced refrigeration technologies can reduce such waste at the
household level. Using a life cycle assessment framework, the research quantifies the
environmental trade-offs between improved food preservation and the additional energy use
from the refrigeration. The analysis focuses on commonly purchased, high-impact food
categories, such as meat, dairy, fruits, vegetables, and ready-to-eat meals. Using experimental
data from a collaboration with a major European household appliance manufacturer, two
refrigerator models were tested: a conventional single-zone unit and an advanced system with
multi-zone cooling, humidity control, and freshness-preserving features. Results indicate that
meat and dairy contribute disproportionately to the environmental burden of household food
waste, with impacts up to 27 kg COz-equivalent and 15,000 liters of water per kilogram wasted.
The advanced refrigerator reduced spoilage by 12-35% in these categories, achieving strong
net environmental gains despite a modest increase in electricity consumption. This study
positions refrigeration as an active lever in food waste prevention. It recommends integrating
preservation performance into EU appliance standards, energy labeling, and consumer

education initiatives as part of sustainability and circular economy goals.

Keywords: Food Waste, Life Cycle Assessment (LCA), Advanced Refrigeration, Household
Sustainability, European Union (EU)



RESUME

Le gaspillage alimentaire domestique reste un défi environnemental critique dans I’Union
européenne (UE), en raison de I’élimination d’aliments périssables a forte empreinte carbone
et hydrique. Cette étude explore comment les technologies de réfrigération avancées peuvent
réduire ces pertes a 1’échelle des ménages. En utilisant une approche d’analyse du cycle de vie
(ACV), la recherche évalue les compromis environnementaux entre une meilleure conservation
des aliments et I’augmentation de la consommation énergétique liée a la réfrigération.
L’analyse se concentre sur des catégories d’aliments couramment achetés et a fort impact, telles
que la viande, les produits laitiers, les fruits, les 1égumes et les plats préparés. Grace a des
données expérimentales issues d’une collaboration avec un fabricant européen
d’électroménagers, deux modeles de réfrigérateurs ont été testés : un modele conventionnel a
zone unique et un systéme avancé avec refroidissement multi-zones, contréle de I’humidité et
fonctions de préservation de la fraicheur. Les résultats montrent que la viande et les produits
laitiers contribuent fortement a ’empreinte environnementale du gaspillage, avec jusqu’a 27 kg
de CO2-€q et 15 000 litres d’eau par kilogramme gaspillé. Le réfrigérateur avancé a permis de
réduire les pertes de 12 a 35 % dans ces catégories, tout en générant un gain environnemental
net malgré une légére hausse de consommation électrique. L’étude propose d’intégrer les
performances de conservation dans les normes, I’étiquetage énergétique et les politiques de
sensibilisation des consommateurs de I’UE, dans le cadre des objectifs de durabilité et

d’économie circulaire.

Mots-clés : Gaspillage alimentaire, Analyse du Cycle de Vie (ACV), Réfrigération

avancée, Durabilité domestique, Union européenne (UE)



1. Introduction

Household food waste represents a major environmental challenge in the European Union,
accounting for more than half of the approximately 88 million tonnes of food wasted annually
(Stenmarck et al., 2016). Much of this waste consists of perishable foods with high embedded
carbon and water footprints, particularly meat, dairy, and fresh produce (Clune et al., 2017;
Poore & Nemecek, 2018; Gustavsson et al., 2011). While policy interventions have focused
largely on consumer behavior and supply-chain management, the role of household
refrigeration technologies in preventing spoilage remains underexplored. This study
investigates how advanced refrigeration systems can reduce food waste at the household level
using a Life Cycle Assessment (LCA) framework. Experimental tests comparing a
conventional single-zone refrigerator with a multi-compartment advanced model were
combined with environmental impact modeling. The analysis evaluates the trade-offs between
increased electricity consumption and the environmental benefits of avoided food waste.
Results show that improved preservation significantly reduces spoilage in high-impact food
categories, generating net environmental benefits. These findings highlight refrigeration
technology as a potential lever for food waste mitigation within EU circular economy

strategies.

2. Literature Review
2.1 Food Waste in the EU

Food waste continues to pose a multifaceted challenge across the EU, carrying significant
environmental, economic, and social costs. The Sankey diagram' in Figure 2.1 provides a
systems-level visualization of food flows throughout the European food supply chain in 2011
(Caldeira et al., 2019). It depicts the distribution and fate of food from primary production
through processing, distribution, and consumption. Although not the largest in absolute volume
compared to upstream losses, household waste is distinguished by its preventability and by the
environmental cost of wasted products that have already passed through energy- and resource-
intensive stages. Animal-based products such as meat and dairy are especially impactful: the
carbon footprint of discarded beef can reach up to 30 kg CO:-eq/kg, while also requiring over
15,000 liters of water per kilogram to produce (Clune et al., 2017; Poore & Nemecek, 2018).
Although fruits and vegetables have a lower environmental intensity per unit, they are among

the most frequently discarded items, thereby contributing significantly to overall

!'Sankey diagrams visualize the flow and proportional loss of materials or energy across a system. In food waste
analysis, they are often used to depict the distribution of food inputs from production to consumption stages,
highlighting points of loss and inefficiency.



environmental losses (van Herpen et al., 2019).

Although legislative and voluntary measures have been introduced across EU member states,
such as clearer date labeling, food donation incentives, and waste tracking systems, these
interventions have yielded scattered results. One critical limitation lies in the lack of emphasis
on technological solutions that directly influence food longevity, particularly refrigeration. In
many households, refrigerators are not optimized for efficient food preservation, due either to
outdated designs or underutilization of advanced features. Moreover, current energy and eco-
labeling schemes for household appliances rarely incorporate food waste mitigation potential

as a performance metric (Schanes et al., 2018).

Production Processing Distribution Consumption

Figure 2.1 EU food flow in 2011 (wet mass—MTt), showing material inputs and losses across the
supply chain. Adapted from Caldeira et al. (2019).

2.2 Types and Causes of Household Food Waste

Household food waste in the EU primarily consists of short-shelf-life and perishable food
categories. Due to their high perishability and storage sensitivity, the most frequently discarded
items are fresh fruits and vegetables, bakery products, dairy, and prepared meals. Several
interacting factors drive this waste generation. Behavioral causes include over-purchasing, bulk
buying, poor meal planning, and inadequate stock rotation. These practices often result in
spoilage before items are consumed. In many cases, this waste occurs despite the presence of
household refrigeration, suggesting that both behavioral practices and the effectiveness of food

storage technologies play a critical role in determining spoilage outcomes. Cognitive factors



such as misinterpretation of date labels and judging food quality based on appearance or visual
imperfections further exacerbate the problem (Schanes et al., 2018). For example, many
consumers mistakenly dispose of food based on "best-before" labels, which indicate quality

rather than safety.

Efforts to reduce household food waste across the EU require a clear understanding not only
of what is wasted, but also of how different food categories contribute to overall environmental
burdens. Recent harmonized estimates suggest that households across the EU generate nearly
50 million tonnes of food waste annually, comprising the largest single share of post-farmgate
losses (Caldeira et al., 2019; Stenmarck et al., 2016). This waste is neither uniform in volume
nor in impact. Certain foods dominate due to perishability and frequency of purchase, while

others exert a disproportionate toll due to their resource intensity in previous life cycle stages.

Among the most commonly wasted items are fresh produce, cereals, and bakery products, with
vegetables and fruits discarded at the highest rates by mass. Audit data from Nordic and
Western European households consistently identify vegetables, bread, and mixed meals as top
contributors to household food waste streams (Brautigam et al., 2014; Hartikainen et al., 2018).
However, from an environmental perspective, categories like processed meats, cheese, and
composite ready-to-eat products often carry greater embedded impacts due to the cumulative

inputs required during their production and distribution (Figure 2.2) (Sala et al., 2017).

Greenhouse gas emissions per kilogram of food product
Greenhouse gas emissions are measured in kilograms of carbon dioxide-equivalents. This means non-CO,
gases are weighted by the amount of warming they cause over a 100-year timescale.
Beef (beef herd)
Lamb & Mutton [ 39.72 ke
Beef (dairy herd) [N 333 kg
Prawns (farmed) [ 24.87 ke
Cheese [ 23.88 kg
Pig Meat [N 12.31 kg
Poultry Meat _ 9.87 kg
Eggs - .67 kg
Rice I 4.45 kg
Millc B 3.15 kg
Tomatoes [l 2.09 kg
Maize Jll 1.7 kg
Wheat & Rye ] 1.57 kg
Peas [] 0.98 ke
Bananas I 0.86 kg

99.48 kg

Potatoes | 0446 kg
Muts | 0.43 kg

Figure 2.2 GHG emissions per kilogram of food product, illustrating that ruminant meats (beef and
lamb) and dairy have significantly higher emissions than plant-based foods, while cereals, vegetables,
and pulses exhibit much lower values. Sourc: Poore & Nemecek (2018) via Our World in Data.



While the quantity of waste can be measured in tonnes, its true impact becomes clearer when
assessed through life cycle impact categories. The climate change potential provides one of the
most direct indicators of the environmental cost of avoidable household food waste. In this
context, household disposal of even relatively small volumes of high-impact foods results in
emissions comparable to those from heating, electricity use, or short-distance air travel (Tilman
& Clark, 2014). Notably, the combined climate impact of dairy, meat, and mixed foods wasted
in EU homes rivals the emissions of several mid-sized industrial sectors; including cement
production, and chemical manufacturing within an individual member state (Cole et al., 2019).
Even a modest reduction in waste of these high-impact foods could yield large environmental

benefits.

In parallel, the water footprint of food waste continues to receive increasing attention in both
academic and policy discussions. While beef and dairy require intensive water inputs, certain
high-waste items like bread and pasta, though less water-intensive per kilogram, are consumed
in such large quantities that their total water footprint becomes significant when waste is
accounted for. Figure 2.3 illustrates the average water footprint per kilogram for selected food
items, based on aggregated global datasets. Among the highest are cheese (5,605 L/kg), nuts
(4,134 L/kg), and farmed prawns (3,515 L/kg). By contrast, vegetables, grains, and fruits tend
to require far less water. These values underscore the water efficiency of most plant-based

foods relative to animal products and high-protein processed items (Ritchie et al., 2022).

Freshwater withdrawals per kilogram of food product

Freshwater withdrawals are measured in liters per kilogram of food product.

Cheese 5,605 L
Nt | —— 4134 L
Prawns (farmed) | 3515 L
Beef (dairy herd) | 2,714 L
Rice | 2,248 L
Lamb & Mutton [ 1.803 L
Pig Meat | 1.796 L
Beef (beef herd) [ NG 14510
Poultry Meat [N 660 L
Wheat & Rye [N 648 L
itk [ 28 L
Eges [ 578 L
Peas [ 397 L
Tomatoes [N 370 L
Maize [l 216 L
Bananas . 1151L

Potatoes l 59L

Figure 2.3 Average water footprint per kilogram of selected food products. Data compiled from Our
World in Data (2024) and originally adapted from Poore & Nemecek (2018).



2.3 Impact Distribution by Food Category

The environmental cost of avoidable food waste is not evenly distributed across categories.
There is a fundamental imbalance in the EU food system: the foods most frequently wasted are
not always those with the greatest per-unit impact, but collectively they still impose substantial
resource costs. Conversely, high-impact foods are sometimes wasted in smaller quantities, but
their environmental price is far more severe. For example, cheese reflects the concentrated
impact of milk production and cold-chain requirements, while beef contributes high emissions
and water demand despite comprising a smaller share of total waste mass (Poore & Nemecek,
2018). Ready-to-eat and processed foods further amplify impacts due to cumulative emissions
from industrial cooking, packaging, transportation, and refrigeration. Typical emissions from
wasted prepared meals can exceed 10 kg CO2-eq/kg, particularly for animal-based or energy-

dense products (Amador-Cervera et al., 2025; Brancoli et al., 2020).

Impact hotspots also differ by food type. In animal products, most emissions are embedded in
primary production, particularly livestock rearing and feed cultivation. In contrast, for
processed and convenience foods, post-farm stages such as industrial processing and packaging
dominate. For fruits and vegetables, avoidable waste is largely driven by improper storage or
lack of freshness management after purchase (Albizzati et al., 2021; Sala et al., 2017). This
reinforces the value of product-specific storage solutions and highlights the importance of

aligning household refrigeration features with food preservation needs.

2.4 Role of Refrigerators in Shelf-Life Extension

Maintaining low and stable temperatures is essential for slowing spoilage rates in animal-based
foods. Meat, for instance, exhibits significantly extended microbiological shelf life when stored
at temperatures approaching 0 °C rather than the common domestic setting of 4-5 °C. Raw
chicken stored at 0 °C can last 6—7 days, while storage at 4 °C reduces this to 3—4 days due to
increased bacterial growth (James & James, 2010). Cold-chain disruptions or domestic

variability above this threshold accelerate spoilage, increasing waste risk.

Humidity control is equally important for fresh produce. High-moisture foods such as leafy
vegetables, are prone to wilting and decay when stored at low humidity. Relative humidity
(RH) levels above 90% can preserve quality by reducing transpiration losses and extending
visual appeal and firmness (Kader, 2011). Storage of broccoli, for example, at 95% RH and
0 °C maintains acceptable quality for up to 21 days, compared to 10—12 days at ambient RH

(Mabhajan et al., 2014). High humidity environments also reduce the incidence of chilling injury



in sensitive produce such as cucumbers and peppers. These ideal climatic values for different
food categories are summarized in Table 2.1. Despite these benefits, many household

refrigerators lack compartmental flexibility.

Recent technological developments, such as dual-evaporator systems, adjustable humidity
drawers, and dedicated meat chillers, offer more targeted environments that align with optimal
storage recommendations (Duret et al., 2019). A key development in this trajectory is the rise
of digitally enhanced refrigeration, or “smart fridges.” These systems integrate internal sensors,
cameras, and connectivity features to monitor food location, temperature exposure, and
remaining shelf life. They generate inventory updates, suggest consumption timelines, and
synchronize with mobile applications or smart home hubs to support food management and
reduce over-purchasing. In doing so, they bridge informational gaps that frequently lead to
premature disposal (Cappelletti et al., 2022).

Table 2.1 Recommended humidity and temperature conditions for fridges. Summarized by food
type and based on design-phase testing and manufacturer guidelines.

Compartment Ideal Humidity Temperature Food Types
(%) °O)
Fruit ~50% (low) ~4°C Apples, grapes, citrus
Vegetables 85-90% (high) ~4°C Leafy greens, carrots, herbs
Meat & Fish Low (dry zone) 0°C or below Chicken, beef, seafood
General Use Moderate (~65%) ~4°C Cheese, leftovers, beverages

Emerging research is also exploring biosensing applications. Experimental systems
incorporating ethylene, ammonia, or volatile compound sensors offer potential for spoilage
detection and dynamic storage control. These technologies promise to complement or even
replace static date labeling with real-time freshness indicators. Studies indicate that such
systems can extend shelf life by 30—50% for high-risk perishables like strawberries, spinach,
and raw poultry, when compared to generic fridge conditions (Kapici et al., 2022). Although
still under development, their integration may further enhance refrigeration’s role in waste

prevention (Bonaccorsi et al., 2017).

Complementing these innovations is the evolution of energy labeling, a tool essential to
promoting the adoption of efficient appliances. The EU’s revised framework, implemented in

2021, simplified the previous A+++ scale to a linear A—G rating and introduced QR codes to



newer models, linking to the European Product Database for Energy Labeling (EPREL)?. This
database allows consumers to access detailed energy and performance data for each appliance
model. Energy labels now clearly display critical specifications such as annual electricity
consumption, total volume capacity, and noise emissions. These labels enhance market

transparency and support informed decision-making (Gonzalez-Torres et al., 2023).

In summary, smart refrigeration and energy labeling work in tandem to address both food and
energy waste. While smart appliances offer granular, user-facing tools for real-time food
management, standardized energy labels help steer consumer choices toward sustainability.
Together, these innovations represent a powerful framework for reducing household food

waste.

2.5 LCA in Household Food Waste Studies

LCA is an internationally standardized methodology (ISO 14040/14044) used to evaluate the
environmental impacts of products, services, or systems across their entire life cycle, from raw
material extraction and manufacturing to use and end-of-life. It provides a structured, data-
driven framework for accounting for material inputs, energy use, emissions, and waste outputs.
Within the context of food waste and refrigeration, LCA serves as a critical tool for identifying
environmental trade-offs and intervention points, helping researchers and policymakers move

beyond assumptions toward transparent, evidence-based decision-making.

When applied to household refrigeration, LCA enables a holistic evaluation of both the direct
impacts of appliance energy use and the indirect benefits of reduced food spoilage. For
instance, a refrigerator with higher electricity consumption may still yield a lower net
environmental footprint if it prevents substantial food waste, particularly for high-impact items.
These interactions are increasingly assessed through scenario-based and hybrid LCA
approaches, which integrate behavioral variability, probabilistic modeling, and food-specific

preservation outcomes (Albizzati et al., 2021).

Advanced modeling techniques now allow comparisons between baseline systems (e.g., fixed-
temperature fridges) and improved technologies (e.g., multi-zone cooling), under realistic
usage conditions. Hybrid LCAs, which combine process-based environmental data with

behavioral insights, are especially relevant for evaluating emerging smart appliances. They

2 The European Product Database for Energy Labeling (EPREL) is a centralized EU platform where consumers
can access detailed specifications for energy-labelled products via QR codes featured on modern labels. For
refrigerators, this includes data on annual energy use, storage capacity, noise level, and efficiency class.
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enable a more accurate estimation of waste prevention potential and its alignment with policy
targets such as SDG 12.33 (Brancoli et al., 2020). However, relatively few studies have
combined controlled experimental shelf-life testing with life cycle assessment to evaluate the

environmental benefits of advanced household refrigeration technologies.

3. Methodology
3.1 Research Design

This study adopts a mixed-methods design combining controlled experimental testing, scenario
modeling, and LCA. The research aims to quantify the environmental trade-offs of refrigeration
technologies, moving beyond viewing refrigerators as energy-consuming devices to
considering their preservation role in sustainable food systems. The experimental component
consisted of laboratory trials on two refrigerator models: a Baseline Model (single-zone, ~4
°C, no humidity control) and an Advanced Model (multi-zone cooling, dual evaporators,
humidity drawers, and a meat compartment). Tests were conducted under standardized
household-like conditions (22 °C, 65% RH) following EU Ecodesign and EN 62552 appliance
testing protocols. Shelf-life trials were performed on seven high-waste food items,
strawberries, lettuce, beef steak, chicken breast, salmon fillet, soft cheese, and a ready-to-eat
meal. For each item, visible and sensory spoilage was recorded in days of extended shelf life,
producing food-specific preservation factors. These experimental shelf-life extension factors
were subsequently integrated into the LCA model to simulate reductions in household food

waste under advanced refrigeration conditions.

The modeling component used a Basket of Products (BoP) approach to reflect real household
storage behavior. Food was allocated across compartments according to standardized
protocols: crisper (25% produce), chiller (15% meat/fish), and flexible compartment (60%
mixed items). This allocation was held constant across models to ensure comparability. The
LCA component translated experimental shelf-life gains into environmental impacts using
SimaPro v9.4 with Ecoinvent v3.8 background data. A consequential LCA approach was
chosen to capture both direct operational impacts (electricity consumption) and indirect savings

from avoided food waste.

3.2 LCA Framework

The functional unit was defined as the preservation of 1 kg of food per household per year.

3 Target 12.3 of the UN Sustainable Development Goals (SDGs) aims to halve per capita global food waste at the
retail and consumer levels by 2030 and reduce food losses along production and supply chains.
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System boundaries followed a cradle-to-grave structure for appliances, with emphasis on the
use phase, and included food production, household storage, and end-of-life. Packaging and
refrigerant leakage were excluded due to their minor contribution under EU standards. Waste

treatment was harmonized using EU-average values (Table 3.1).

Environmental impacts were assessed using ReCiPe 2016 Midpoint (H). Two priority
categories were analyzed: climate change, calculated with the IPCC GWP100 method, and
water scarcity, assessed with the AWARE v1.05 method. Additional categories were tracked
but not emphasized. These impact categories were selected because climate change and water
scarcity represent the most widely reported environmental indicators associated with food
waste and agricultural production.

Table 3.1 EU treatment of household food waste. These values were applied uniformly to all food
categories and scenarios. Source: EPD for Dairy Products (2021).

Treatment Method Share (%)
Incinerated 23
Landfilled 27
Composted 25

Anaerobic Digestion 25

To evaluate when preservation gains outweigh added energy burdens, a breakeven formulation

was applied (Equation 1).
Net Benefit = (EFwaste X FWbaseline) - (EFwaste X FWreduced) - AEFenergy [1]

Where:

EFwaste = emission factor of the food item (e.g., kg CO2-eq/kg)

FWhaseline = initial waste quantity (kg)

FWieduced = reduced waste quantity (kg) under advanced preservation

AEFenergy = difference in electricity-related emissions between scenarios

3.3 Data Analysis Procedures

Food waste was modeled on a product-specific basis following EU definitions of avoidable
waste. Quantities were derived from WRAP (2020), Eurostat (2021), and experimental shelf-
life testing conducted in this study. Reductions under advanced refrigeration were estimated

using:

Avoidable Waste; = M; X W; X R; [2]
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Where:
e M; = Total mass of annual waste for food group i
o W; =% of that waste considered avoidable

¢ R; =% reduction in avoidable waste under improved refrigeration

Energy demand was normalized by storage capacity:

Annual stored food (kg)

Energy per kg of food = [3]

Annual fridge energy use (kWh)

Using an estimated average household food volume of approximately 817.67 kg per year

(Eurostat, 2021) together with appliance electricity consumption test data:

o Baseline model: 272 kWh/year + 817.67 kg = 0.33 kWh/kg
o Multi-chill model: 154 kWh/year ~ 817.67 kg = 0.19 kWh/kg

To quantify the associated climate benefit, avoided emissions were calculated as:
GHG Savings; = Avoidable Waste; X EF; [4]

Emission factors ranged from 0.4 kg CO2-eq/kg for vegetables to more than 60 kg CO2-eq/kg

for beef, emphasizing that the greatest preservation benefits occur in high-impact categories.

3.4 Limitations of the Methodology

The analysis is subject to several limitations. Consumer behavior introduces variability, as
improper storage or neglect of advanced features can undermine technical performance. Only
two refrigerator models were tested, and results should not be generalized to all appliances on
the market. The reliance on EU-average inputs for electricity, diet, and spoilage may obscure
regional variation, while emissions from packaging and refrigerant leakage were excluded but
are expected to be minor. Socioeconomic factors, including affordability, user acceptance, and
rebound effects, were also outside the scope. These boundaries limit generalizability but ensure

a consistent and transparent comparison of preservation technologies.

The following section presents the environmental impacts of household food waste by food
category and compares baseline refrigeration conditions with the advanced multi-compartment

system.

4. Results
4.1 Carbon Footprint by Food Type

The GHG intensity of food waste varies significantly across categories. Table 4.1 summarizes

the emission factors applied in this study, expressed in kilograms of CO:-eq per kilogram of
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wasted food. As expected, animal-based foods dominate the carbon profile. Beef, at 27 kg CO--
eq/kg, is more than 70 times higher in emissions than strawberries and nearly 80 times higher
than lettuce. Cheese and salmon also carry high burdens, reflecting both energy-intensive
production processes and supply chain refrigeration requirements. These results underline the
disproportionate role of animal-based products in household food waste impacts. For example,
discarding 100 grams of beef generates more emissions than wasting one kilogram of lettuce.
This implies that relatively small reductions in spoilage for beef or dairy can offset much larger
volumes of produce waste. Such findings are consistent with prior LCA studies (Poore &
Nemecek, 2018; Brancoli et al., 2020), which emphasize the outsized climate importance of

animal products.

For policy and technology design, this means that preservation performance should not only
be measured by total food volume saved but also by the environmental intensity of the products
preserved. Advanced refrigeration systems capable of extending the shelf life of meat, fish, and
dairy therefore have a disproportionately high mitigation potential. This perspective shifts
attention away from “waste quantity” toward “waste quality,” enabling more targeted

interventions at the household level.

Table 4.1 Emission factors for tested food groups

Emission Factor

Food Group Chosen Product (kg COx-eq/kg) Source(s)
Fruit Strawberry 0.7 Poore & Nemecek (2018)
Vegetables Lettuce 0.3 Ecoinvent v3.8
Meat Beef Steak 27.0 WRAP / Ecoinvent
Fish Salmon 6.0 Eurostat / Literature avg.
Dairy Soft Cow Cheese 9.0 Ecoinvent / DEFRA
Ready-to-eat Meal Lasagna 5.0 Manufacturer testing + avg.
Mixed Food Meat Pasta 4.0 Composite literature source

Note: These factors include upstream agricultural emissions, processing, and packaging, but exclude end-
of-life waste treatment to focus on avoided production burdens.

4.2 Water Footprint by Food Type

Water scarcity-adjusted results reveal a similarly uneven distribution across food types (Table
4.2). Animal products again emerge as the most resource-intensive, with beef requiring more
than 15 m?® eq of water per kilogram of waste. Dairy and salmon also carry high burdens due

to feed crops and aquaculture inputs. On the plant side, strawberries and lettuce appear lower

14



in absolute water intensity, but their frequent spoilage and reliance on irrigation make them

critical intervention points.

These results highlight the importance of considering both intensity and frequency. While beef
dominates in per-unit impacts, produce like strawberries and lettuce dominate household
spoilage events. In regions facing water stress, avoiding waste in these categories can relieve
significant pressure on freshwater systems. Thus, advanced refrigeration that stabilizes
humidity for leafy greens or slows microbial decay in berries contributes to water sustainability

as well as climate mitigation.

Table 4.2 Estimated water scarcity impact per food category

Food Group Chosen Product W?::: ech/zl:;c)ity Source
Fruit Strawberry 0.58 AWARE V1.05, Ecoinvent v3.8
Vegetables Lettuce 0.31 AWARE V1.05, Ecoinvent v3.8
Meat Beef Steak 0.29 AWARE V1.05, literature synthesis
Fish Salmon 0.47 AWARE V1.05, Ecoinvent v3.8
Dairy Soft Cow Cheese 0.13 AWARE V1.05, Ecoinvent v3.8
Read-to-eat Meal Lasagna 0.18 AWARE V1.05, Ecoinvent v3.8
Mixed Food Meat Pasta 0.26 AWARE V1.05, modeled average

Note: Scarcity-weighted water use for typical food products modeled in this study, expressed in m* water
equivalent per kilogram of avoidable waste. Calculations follow the AWARE V1.05 methodology, with
regional adjustments for European supply chains.

4.3 Baseline versus Advanced Refrigeration

Under baseline conditions, a representative EU household wastes about 85 kg of food per year,
generating 1,006 kg CO2-eq and 29 m? eq water scarcity impacts (Table 4.3). Animal products,
especially beef, dominate the footprint: beef alone contributes over 50% of total GHG
emissions despite representing just 10% of the waste mass. Fruits and vegetables, though less
impactful per kilogram, make up the largest share of waste volume, highlighting the need for

improved storage of both high-impact and high-frequency categories.

When modeled with an advanced multi-compartment refrigerator, avoidable waste falls by 30—

45% across most categories (Table 4.4). The largest benefits are seen in beef (—200 kg CO2-eq

15



per household annually), dairy, and ready meals. Produce such as lettuce and strawberries also
show substantial reductions due to humidity control, yielding meaningful water savings.
Overall, the advanced model cuts household-level waste emissions by more than 140 kg CO--

eq per year, with parallel improvements in water outcomes.

Table 4.3 Environmental impact of avoidable food waste — Baseline Scenario

Food Category  Chosen Product Annual Avoidable Waste - GHG Impact S‘litcei:y
(kg) (kg CO:-eq) (m® eq)
Fruit Strawberry 10.5 6 0.9
Vegetables Lettuce 11.1 5 1.3
Meat Beef Steak 8.6 516 15.9
Fish Salmon 4.3 52 3.6
Dairy Soft Cow Cheese 6.9 46 2.7
Ready-to-eat Meal Lasagna 13.9 156 3.8
Mixed Food Meat Pasta 30.0 225

Table 4.4 Environmental impact of avoidable food waste — Multi-Chill Scenario. Arrows ()
indicate reductions relative to baseline scenario (see Table 4.3). Spoilage reduction rates were derived
from controlled appliance testing under standard EU conditions.

Food Category  Chosen Product Annual Avoidable Waste - GHG Impact S‘:z,itc:y
(kg) (kg CO:z-eq) (m® eq)
Fruit Strawberry 6.8 ] 4] 0.6
Vegetables Lettuce 7.8 4| 0.9 ]
Meat Beef Steak 521 312} 9.6
Fish Salmon 29] 351 24 ]
Dairy Soft Cow Cheese 4.7] 31] 1.7 ]
Ready-to-eat Meal Lasagna 10.2 | 115 ] 2.7
Mixed Food Meat Pasta 19.4 | 146 | 0.6 ]

4.4 Net Environmental Benefits

The advanced refrigerator consumes slightly more electricity, but the additional burden (+20
kg CO2-eq/year) is far outweighed by avoided waste (—140 kg CO:-eq/year). The net balance
is therefore strongly positive (Table 4.5). These results demonstrate that improved refrigeration

design can deliver measurable environmental gains, especially when targeting carbon-intensive
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foods, and support the case for incorporating preservation performance into EU appliance

standards.

Table 4.5 Modeled reductions in food waste and environmental impact. Estimates reflect daily
household-level savings based on avoided spoilage rates for each food product.

Food Chosen Waste Reduction  Waste Reduction va}ilfgs S‘:, ;t:;s
Category Product (%) (kg/day) (8 COreq)  (m’ eq)
Meat Beef Steak 40% 34 206 6.4

Fish Salmon 40% 1.7 21 1.6
Dairy Soft Cheese 20% 1.4 9 0.5
Vegetables Lettuce 25% 2.8 1.3 0.3
Fruit Strawberry 21% 2.2 1.0 0.4
Rei\ig; cat Lasagna 30% 4.2 47 1.1
Mixed Food  Meat Pasta 14% 4.2 32 0.1

5. Discussion and Conclusion
5.1 Key Findings

This study shows that refrigeration technology is not simply an energy consumer but a critical
tool for reducing household food waste and its environmental impacts. Across all modeled
categories, the Multi-Chill refrigerator significantly outperformed the baseline single-zone
unit. On average, avoidable food-waste-related emissions fell by around 32%, while water
scarcity impacts decreased by 28%. These reductions were especially pronounced for resource-
intensive categories such as beef, dairy, and leafy greens, where preservation gains are most
impactful. Preventing even small quantities of spoilage in these products yields

disproportionate climate and water savings due to their high upstream burdens.

Equally important, these improvements did not require a trade-off in efficiency. When
normalized by the volume of food stored, the Multi-Chill consumed 0.19 kWh/kg, compared
to 0.33 kWh/kg for the baseline unit. This demonstrates that compartmentalized cooling and
humidity regulation can deliver better preservation outcomes while maintaining, and even
improving, operational efficiency. From a systems perspective, this reframes refrigeration as
an active enabler of sustainability, where energy use is balanced against avoided food losses

rather than treated in isolation.
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5.2 Refrigeration as a Sustainability Lever

The results underscore the dual role of refrigerators in household sustainability. While
traditional assessments focus narrowly on electricity consumption, this study demonstrates that
food preservation functionality can outweigh direct operational impacts. Features such as
dedicated chillers, humidity-controlled drawers, and rapid temperature stabilization directly
translate into avoided spoilage, and therefore avoided upstream emissions from farming,
processing, and transport. By expanding the scope of assessment, refrigeration can be

repositioned as a lever for systemic reductions in food-system inefficiency.

At present, however, policy frameworks such as the EU Energy Label and Ecodesign Directive
do not account for this indirect benefit. Appliances are evaluated only on kilowatt-hours
consumed, ignoring the environmental savings from reduced food waste. A more
comprehensive indicator—potentially a “Food-Smart Efficiency Index”—could integrate both
direct and indirect effects. Such a composite metric would guide consumers toward appliances
that offer genuine sustainability gains and provide manufacturers with a clearer incentive to
innovate in food preservation technology. Beyond regulatory metrics, recognizing refrigeration
as a food-preservation technology rather than solely an energy-consuming appliance reframes
its role within sustainable consumption systems. In this perspective, the environmental
performance of refrigerators should be evaluated not only by electricity efficiency but also by

their capacity to prevent high-impact food losses within households.

5.3 Behavioral Dimensions of Refrigeration Use

Technological improvements alone cannot guarantee environmental benefits. The
effectiveness of advanced refrigerators depends heavily on how households use them.
Misplacing foods into the wrong compartments, disabling humidity settings, or disregarding
freshness alerts can erode the modeled preservation gains. In controlled tests, even small
deviations from recommended storage practices led to measurable increases in spoilage,

particularly for sensitive items such as leafy greens and strawberries.

These findings highlight the importance of coupling technological design with user
engagement. Interfaces must be intuitive, providing clear in-fridge guidance that minimizes
misuse. Educational campaigns and labeling can further reinforce correct practices, while
digital prompts or app-based notifications may improve compliance over time. Social framing

is equally relevant: positioning food-saving behaviors as modern, responsible, and aligned with
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sustainability values could strengthen adoption. Without such behavioral support, even the

best-designed appliances risk underperforming in real households.

5.4 Policy and Market Implications

The evidence presented here has clear implications for both regulation and market design. For
policymakers, the results suggest that existing energy standards capture only part of the
sustainability picture. Incorporating food preservation performance into the EU Energy Label
and Ecodesign standards would provide a fuller account of appliance impacts and align
household refrigeration with broader goals such as the EU Circular Economy Action Plan and
SDG 12.3 on halving food waste. Standardized protocols for measuring preservation
performance, such as humidity stability or shelf-life extension, would be essential to

operationalize such an approach.

For industry and markets, there is an opportunity to reposition refrigerators as food-saving
devices, not just energy-efficient machines. Manufacturers could leverage measurable spoilage
reduction as a key differentiator, supported by eco-labels or third-party certifications. Public
procurement programs in schools, hospitals, and social housing could prioritize preservation-
effective appliances, stimulating early adoption and economies of scale. Financial incentives
such as green tax credits or rebates tied to verified food savings could further accelerate
innovation. Together, these measures would create a policy and market ecosystem that values

refrigeration as a systemic sustainability intervention.

5.5 Limitations and Future Research

As with any modeling study, the results presented here are subject to limitations. The analysis
relied on average EU household consumption and spoilage data, which may not capture
national or cultural differences. Real-world behaviors are highly variable, and deviations from
ideal storage practices could attenuate the benefits projected here. Moreover, certain food
products were excluded from some life cycle impact categories due to data gaps, which limits

the comprehensiveness of the assessment.

Future research should address these gaps through field-based behavioral studies, expanded
LCA databases that include a wider range of perishable foods, and integration of social and
economic dimensions such as household cost savings. Longitudinal studies of user practices
could reveal how consumers engage with advanced preservation features over time, while

economic analysis could strengthen the case for household-level adoption. Expanding the
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scope in this way would provide a more holistic understanding of how refrigeration interacts

with food systems, energy systems, and household decision-making.

5.6 Conclusion

Overall, this research confirms that advanced refrigeration can make a measurable contribution
to reducing food waste and its associated environmental impacts. By extending the shelf life of
high-impact foods such as meat, dairy, and produce, the Multi-Chill refrigerator reduces GHG
emissions and water demand at a scale that outweighs its operational energy use. These results
shift the framing of refrigerators from passive energy consumers to active tools of

sustainability.

Realizing this potential will require alignment across design, behavior, and policy.
Manufacturers must prioritize preservation functionality, consumers must be supported to use
appliances correctly, and policymakers must update standards to reflect the dual role of
refrigerators in energy use and food system efficiency. If these elements are brought together,
refrigeration could become a cornerstone of sustainable consumption, making tangible
progress toward EU circular economy goals and the SDG 12.3 target of halving food waste by
2030. In the modeled scenario, improved refrigeration reduced household food-waste-related
emissions by more than 140 kg CO2-eq per household annually, demonstrating the significant

mitigation potential of preservation-focused appliance design.
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