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Abstract
Since packaging contributes to severe environmental impacts in food production, alternatives of packaging materials that 
satisfy customer needs while minimizing environmental impacts in a cost-effective manner should be preferred for food 
product sustainability. This paper compares two different packaging materials (aluminum cans and retort pouches) with a 
life cycle approach to assess the environmental impacts of ready-to-eat bean packaging. The life cycle assessment (LCA) 
was used to define and compare the environmental performance of ready-to-eat beans in aluminum cans and retort pouches. 
The gate-to-gate approach was used in the LCA, with a functional unit of 1 kg of packaged ready-to-eat bean product. Inven-
tory for packaging in retort pouch was created in collaboration with Duru Bulgur Company (Karaman, Turkey) and the data 
for ready-to-eat beans in the aluminum can were gathered from the literature. The findings show that ready-to-eat beans in 
retort pouches have lower environmental impacts than ready-to-eat beans in aluminum cans. The packaging and washing 
processes for both ready-to-eat beans packaged in aluminum cans and retort pouches had the greatest environmental impact. 
In ready-to-eat beans production, retort pouch provides 87% better environmental performance than aluminum can in terms 
of global warming (GW). Overall, the results demonstrated that replacing aluminum cans with retort pouches in ready-to-eat 
bean production can significantly reduce environmental effects in all impact categories.

Graphical abstract

Keywords  Food packaging · Life cycle assessment · Ready-to-eat bean · Retort pouch · Aluminum can

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s10163-023-01791-9&domain=pdf


3724	 Journal of Material Cycles and Waste Management (2023) 25:3723–3733

1 3

Introduction

Food packaging protects food products from harmful 
physical, chemical, and biological influences, and thus 
has a direct impact on shelf life [1]. The right packaging 
material preserves product quality, reduces deterioration, 
and increases shelf life [2]. Although packaging technolo-
gies, processing innovations, and packaging materials pro-
vide significant advantages for ready-to-eat foods on the 
market, other factors such as material and energy costs, 
environmental impacts, and regulations must also be con-
sidered [2, 3]. Packaging is now under increasing pressure 
to become more sustainable in its production, use, and 
disposal, as these are linked to the direct environmental 
impacts of food products [4]. Sustainable packaging allows 
for the storage of food in a cost-effective manner that 
meets industry requirements as well as consumer desires, 
while maintaining food safety and reducing environmental 
impacts [2].

Glass, metals (aluminum, tinplate, tin-free steel, etc.), 
paper, paperboards, and plastics have conventionally been 
used in food packaging. Metal packaging materials are 
widely used because they have a unique combination of 
properties such as physical protection, ease of formation, 
decorative potential, and consumer acceptance. Steel, tin, 
chromium, and aluminum are the most common metals 
used in food packaging [5]. Aluminum is a silvery-white 
metal derived from bauxite ore and enriched with magne-
sium and manganese to improve its strength [1]. It also has 
a lightweight compared to other metals, extremely resist-
ant to corrosion, and providing a great barrier to air, mois-
ture, odors, and microorganisms, which makes it proper 
packaging material in the food market. On the other hand, 
its high cost compared with other metals like steel and its 
incapability to be welded are the main disadvantages of 
aluminum [2].

Even though metal cans are the major packaging mate-
rials in the bean packaging, recently the interest in retort 
pouches is increasing due to their prominent feature for 
different industrial processed food products [1]. The retort 
pouch term is utilized to depict a flexible package made 
of heat resistant multi-layer plastic, into which food prod-
ucts are put and sterilized at temperatures up to 121 °C 
[6]. In 1960s, the US Army Natick Laboratories and asso-
ciation of food-packaging companies brought out concept 
of using pouch as a container [3]. In time, heat-sterilized 
foods in pouches developed a new segment in food sector 
[7]. Nowadays, retort pouches made of different materials 
are commercially available on the market. They are her-
metically sealed on three or four sides and produced from 
one or more layers of plastics or foil. Each layer of retort 
pouches possesses a specific functionality. Moreover, 

retort pouches are made from either aluminum foil-based 
plastic laminates or foil-free plastic laminate films, which 
are suitable for microwave heating [2]. The selection of 
layers depends on the processing conditions, desired shelf 
life, and product type.

Another advantage is the ease to carry, reheat, and 
serve together with lower weights and space-savings. In 
addition, plastic-based packaging materials may provide 
source reduction, allowing conservation of resources, pro-
tection of the environment, and prevention of greenhouse 
gas formation [8]. Lastly, used pouches are disposed of 
much easier than metal cans as they can be simply flat-
tened. However, there are some challenges about retort 
pouches including the segregation of separate layers for 
recycling and their sensitivity to rupture during rapid cool-
ing following a high-temperature process [9]

The negative environmental impacts of packing are pri-
marily determined by the packaging process, material and 
waste generation. Packaging wastes have a considerable 
impact on the environment, which is significantly affected 
by their disposal method. Demetrious and Crossin conducted 
a life cycle assessment (LCA) of paper and plastic packaging 
waste in landfills, incinerators, and gasification-pyrolysis. 
Their findings indicate that various techniques should be 
considered for managing different types of recyclables [10]. 
Ferreira et al. used LCA to quantify the positive and nega-
tive environmental impacts of packaging waste management 
operations in Belgium. All the packaging waste management 
operations (refuse collection, selective collection, sorting, 
recycling, and burning) were analyzed using LCA, and the 
results show that incineration is the worst option [11]. A 
further disadvantage for the food business is deciding on 
packaging materials that would improve consumer satisfac-
tion while reducing environmental impacts [12]. LCA stud-
ies have been used to quantify the environmental impacts 
of sustainable packaging technologies in the previous few 
decades [13–16]. Improving the environmental performance 
of food items requires assessing the sustainability of food-
packaging techniques [17]. LCA is one of the most effective 
and comprehensive methods for analyzing environmental 
impacts across a product's or process's life cycle [18]. In the 
literature, several impact assessment methods such as Rec-
ipe Midpoint (H), IMPACT 2002+, CML and TRACI 2.1 
are used for performing LCA of food production [18–20]. 
Costa et al. reviewed LCA studies on legume in the litera-
ture. They revealed that, although several impact methods 
are used for LCA studies of legumes, 66% of the reviewed 
studies state the results cross only one or two environmental 
impact categories. Their results also indicate that 50% of the 
studies only present global warming potential, in addition, 
eutrophication, acidification, ecotoxicity, ozone, and land 
use impacts are the most widely used categories [21].
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The use of plastic in food packaging has grown thanks to 
its low cost and functional advantages (such as thermoseal-
ability, microwavability, optical characteristics, and infinite 
sizes and shapes) against conventional materials such as 
glass and metal [2]. However, the usage of plastic packag-
ing has become a health and environmental concern due to 
issues such as the accumulation of microplastics [22]. There-
fore, environmental impact assessments and comparisons of 
alternative food-packaging materials are crucial. The envi-
ronmental impacts of food packaging have been studied and 
quantified in a number of studies [23–25]. However, there 
is a severe lack of research regarding the environmental sus-
tainability of retort pouch packaging. [26, 27]. A study by 
Humbert et al. examined the environmental impact of baby 
food packaged in plastic pots and glass jars. Products pack-
aged in plastic containers were shown to have lesser carbon 
footprints by 28–31% compared to those packaged in glass 
jars [28]. Compared to metal can and retort pouch systems 
for tuna goods, Poovarodom et al. discovered that retort cup 
systems reduced GHG emissions by 10% and 22%, respec-
tively [29]. Del Borghi et al. studied the supply chain of 
legumes (peas, borlotti beans, steam-cooked peas, cannellini 
beans, and chickpeas) to compare environmental hotspots in 
their life cycle. They identified the GW of 1.166 kg CO2 eq/
kg of Borlotti beans and 0.98 kg CO2 eq kg of Cannellini 
beans. In addition, packing was identified as the main con-
tributor of 70% of the total impacts [30]. Furthermore, to 
the best of our knowledge, no study has been conducted 
to assess the environmental impact of packaging in retort 
pouches during the production of ready-to-eat beans. As a 
result, it is critical to conduct retort pouch packaging stud-
ies that focus on potential environmental impacts during 
the manufacturing process. The purpose of this paper is to 
define and compare the environmental impacts of ready-to-
eat bean production using two different packaging materials: 
(i) aluminum can and (ii) retort pouch. LCA method was 
used to assess the environmental performance of these two 
packaging materials. Since studies on the environmental per-
formance of ready-to-eat bean products packaged in retort 
pouches are scarce in the literature, this study fills the gap by 
presenting the results of environmental performance analy-
ses of ready-to-eat bean in retort pouch and aluminum can.

Materials and methods

Ready‑to‑eat bean production process description

The production processes of ready-to-eat bean can be gener-
ally described in the following main steps: washing, soak-
ing, blanching, cooling, inspection, seaming of cans/retort 
pouch, the addition of brine, packaging, and heat treatment 
as shown in Fig. 1. The first processing operation is washing 

the raw beans in ready-to-eat bean production. The beans 
are then soaked into water for hydration. After removing the 
damaged and non-standard size beans and other impurities 
in the hydration step, the products are blanched in water at a 
temperature between 82 and 93 °C for 3–8 min, followed by 
cooling process for 30 min [31, 32]. After that, the processes 
are followed by the packaging stage in ready-to-eat bean pro-
duction. The products are packed in aluminum cans or retort 
pouches for product preservation. After filling the beans in 
the package, brine is added to the packages. The basic for-
mula of brine consists of a combination of 1.8–3.0% sodium 
chloride (NaCl), 3.6–5.4% sugar, and some chemicals such 
as; EDTA and calcium chloride (CaCl2) to reduce the loss of 
product coloration [33]. Thermal processing is an important 
phase in the processing of ready-to-eat bean production as 
cooking and sterilization of the product occur in this phase. 
Heat treatment is carried out in pressurized containers (auto-
claves), which provides heat transfer to the inside of the 
product by applying liquid water, steam water, or a mixture 
of these two. The time required for cooking and sterilization 
of the product is affected by some factors such as packaging 
material, the resistance of enzymes to heat, heating condi-
tions, and food pH. The main difference in the application 
of two different packaging materials, metal can and retort 
pouch, for ready-to-eat bean production is the time required 

Fig. 1   Production processes of ready-to-eat bean
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for heat treatment [32]. When compared with the metal cans, 
one of the advantages of the retort pouches is the thin profile 
of the package (12–33 mm for 200–1000 g pouches), which 
provides lower retorting times to be decreased by up to 60% 
[5]. For sterilization, ready-to-eat beans are autoclaved for 
10–15 min in retort pouch and 42 min in aluminum can at 
120–130 °C. After the thermal treatment stage, packaged 
products are cooled down with water to 30–40 °C to protect 
against the deterioration induced by thermophilic bacteria 
[34].

LCA methodology

The study was performed following the ISO 14040 and ISO 
14044 standards [35, 36], based on four main phases (i) 
goal and scope, (ii) life cycle inventory (LCI), (iii) life cycle 
impact assessment (LCIA), (iv) interpretation and described 
below SimaPro 8.4 PhD version was used to characterize 
and normalize the environmental impacts of the products.

Goal and scope

The main goal of this study is to define and compare the 
environmental impacts of ready-to-eat bean production 
with two different packaging materials: aluminum cans and 
retort pouches. Ahmad et al. (2019) have reviewed and ana-
lyzed recent (published from 2010 to 2018) LCA studies 
on food production. They revealed that recent studies are 
more focused on the cradle-to-grave and cradle-to-factory 
gate approach [37]. The system boundaries are identified 
by considering the gate-to-gate approach as indicated in 
Fig. 1, which covers the phases from the washing process 
to packaging with a functional unit of 1 kg of the packaged 
product. The cultivation phase, use-phase, and packaging 
disposal are excluded from boundaries. Products are pack-
aged in 400 g (drained weight of 220 g) retort pouches and 
400 gr (drained weight of 280 g) aluminum cans. Packag-
ing sizes are 13.7 cm × 18 cm for retort pouch and 10 cm 
(diameter) × 6.3 cm (height) for aluminum can. The weight 
of the packaging is 0.009 kg for retort pouch and 0.063 kg 
for aluminum can.

Life cycle inventory

Inventory data for ready-to-eat beans in retort pouch were 
compiled directly from Duru Bulgur Company (Karaman, 
Turkey) and the data for ready-to-eat beans in aluminum 
can is retrieved from the Ecoinvent database v.3 (Table S5) 
[38] of SimaPro 8.4 and the authors’ literature search 
(Table S1-S4). This study utilized secondary data from the 
Ecoinvent database v.3 for energy inputs. To compare ready-
to-eat beans in retort pouch and aluminum can, the same 
secondary data was used for both of them. For electricity 

and steam, the following country/region-specific data were 
preferred: “electricity, high voltage (TR) market for Conseq, 
S” and “process steam from natural gas, heat plant, con-
sumption mix, at plant, MJ, EU-27, S.”

Life cycle impact assessment (LCIA)

In this study, IMPACT 2002+ method is used for assessing 
the environmental impacts of ready-to-eat bean production 
to compare two different packaging materials (aluminum 
cans and retort pouches). As an attractive method in the 
comparative evaluation, the IMPACT 2002+ method is fea-
sible for the implementation of a combined midpoint impact 
and damage approach by linking 15 midpoint categories to 
4 damage categories [39]. The method covers the following 
midpoint impact categories; carcinogens, non-carcinogens, 
respiratory organics (RO), respiratory inorganics (RI), ioniz-
ing radiation (IR), ozone layer depletion (OLD), aquatic eco-
toxicity (AE), terrestrial ecotoxicity (TE), terrestrial acid/
nutritional (TAN), aquatic eutrophication (AEP), aquatic 
acidification (AA), land occupation (LO), global warming 
(GW), non-renewable energy (NRE), and mineral extrac-
tion (ME).

Results and discussion

The environmental impacts of aluminum can

The environmental impacts of production steps of ready-to-
eat beans packaged in aluminum can are shown in Fig. 2. 
The packaging step contributes significantly to 13 environ-
mental impact categories (GW, ME, NRE, carcinogens, non-
carcinogens, RI, IR, OLD, RO, AE, TAN, AA, and AEP) 
with higher than 50% share among the total 15 impact cat-
egories. It shows the highest impacts in ME with 99% of 
the total impact due to the high amount of aluminum con-
sumption for can production. As a result, aluminum cans 
as a packaging material have a significant negative impact 
on the ME impact category of natural resource extraction. 
Extraction of alumina, used in the production of aluminum, 
is an extremely energy-intensive process. Consistent with 
earlier study, GW was found as the other major environ-
mental effect category associated with the manufacture of 
ready-to-eat canned beans. For instance, Del Borghi et al. 
studied on the environmental sustainability of a group of 
legumes (i.e., peas, beans, and chickpeas) produced in Italy 
and packaged in glass bottle or tin can. GW, non-renewable 
cumulative energy demand, water scarcity index and toxic-
ity potentials were found as most significant environmental 
impact categories [30]. Similarly, in case of ME, the packag-
ing process contributes significantly (85%) to the category 
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of GW impact for ready-to-eat beans packaged in aluminum 
cans.

The environmental impacts category values for produc-
tion steps of aluminum can packaged ready-to-eat beans are 
shown in Table 1. The packaging process added 0.468 MJ 
surplus to the total ME value of ready-to-eat beans in an 
aluminum can, bringing the total ME value to 0.471 MJ 
surplus. Besides, the total GW value of ready-to-eat 
beans packaged in an aluminum can was calculated to be 

4.161 kg CO2 eq. Moreover, the packaging process had con-
tributed to 3.539 kg CO2 eq, and the autoclaving contributed 
0.402 kg CO2 eq of the total GW. In addition to GW and ME, 
the main sources of energy used in the production of NRE 
were packaging (42.068 MJ), autoclaving (6.456 MJ), and 
washing (1.30 MJ).

The distribution of environmental impacts by produc-
tion steps and sub-components of packaging for ready-to-
eat beans packaged in aluminum can is shown in Fig. 3. It 

Fig. 2   The environmental 
impacts of the production steps 
of ready-to-eat beans packaged 
in aluminum can (IMPACT 
2002+ method: V2.14/charac-
terization) GW global warming, 
ME mineral extraction, LO land 
occupation, NRE non-renewable 
energy, RI respiratory inorgan-
ics, IR ionizing radiation, OLD 
ozone layer depletion, RO 
respiratory organics, AE aquatic 
ecotoxicity, TE terrestrial 
ecotoxicity, TAN terrestrial acid/
nutria, AA aquatic acidification, 
AE aquatic eutrophication

Table 1   The environmental impact category values production steps of ready-to-eat beans packaged in aluminum can (IMPACT 2002+ method: 
V2.14/characterization)

Impact category Unit Total Washing Soaking Blanching Brine Autoclave Packaging

Global warming kg CO2 eq 4.161 0.137 0.002 0.076 0.005 0.402 3.539
Mineral extraction MJ surplus 0.471 1.43E−04 3.45E−05 3.66E−04 0.001 0.002 0.468
Land occupation m2 org.arable 1.479 1.368 4.60E−06 7.53E−05 7.78E−05 0.001 0.110
Non-renewable energy MJ primary 51.169 1.300 0.021 1.227 0.097 6.456 42.068
Carcinogens kg C2H3Cl eq 0.102 0.006 7.39E−05 0.001 2.31E−04 0.005 0.090
Non-carcinogens kg C2H3Cl eq 0.180 0.065 1.11E−04 0.001 1.61E−04 0.006 0.108
Respiratory inorganics kg PM2.5 eq 0.007 2.03E−04 8.89E−06 8.79E−05 7.81E−06 0.001 0.006
Ionizing radiation Bq C-14 eq 3.576 0.726 0.007 0.118 0.049 0.579 2.097
Ozone layer depletion kg CFC-11 eq 3.2E−07 6.96E−09 7.77E−10 8.81E−09 1.47E−09 4.23E−08 2.60E−07
Respiratory organics kg C2H4 eq 0.001 1.56E−05 3.36E−07 1.05E−05 2.01E−06 5.73E−05 0.001
Aquatic ecotoxicity kg TEG water 406.120 154.955 0.059 0.583 0.482 3.749 246.292
Terrestrial ecotoxicity kg TEG soil 258.877 140.254 0.014 0.144 0.148 0.881 117.438
Terrestrial acid/nutri kg SO2 eq 0.078 0.019 2.48E−05 0.001 9.66E−05 0.003 0.055
Aquatic acidification kg SO2 eq 0.023 0.003 8.56E−06 1.38E−04 2.89E−05 0.001 0.020
Aquatic eutrophication kg PO4 P-lim 0.001 2.61E−04 4.74E−07 4.37E−06 2.09E−06 2.72E−05 4.92E−04
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was found that for ready-to-eat beans packaged in aluminum 
cans, the packing step had the highest environmental impact, 
accounting for 76.3% environmental impact. Following the 
packing process, the washing and autoclave steps take 14.3% 
and 7.8%, respectively.

The main contributor component is found as material 
of aluminum used in aluminum can with 73% of the total 
packaging impact. This is mostly related to the energy con-
sumption based on fossil fuels during the production process 
of aluminum cans. Peng et al. found that greenhouse gas 
(GHG) emissions and energy consumption of aluminum 
were 14.77 kg CO2 eq/kg and 144.6 MJ/kg, respectively 
[40]. Yang et al. stated that the GHG emissions coefficient 
of aluminum varied between 4.91 kg CO2 eq/kg (Al) and 
21.8 kg CO2 eq/kg (Al) depending on the energy sources. 
They also revealed that primary energy demand, water use, 
GW, and freshwater eutrophication potential were the pri-
mary environmental impact categories for aluminum pro-
duction [41]. Similarly, GHG emissions and energy con-
sumption of the aluminum production which is used as 
secondary data from Ecoinvent database v.3 [38] in this 

study is 17.9 kg CO2 eq/kg and 180 MJ/kg, respectively. 
The transportation of the packing materials is the second 
main hotspot (26%) for the packaging process in ready-to-
eat beans production packaged in aluminum can as indicated 
in Fig. 3.

The environmental impacts of retort pouch

The environmental performance of ready-to-eat beans in the 
retort pouch varies depending on the processing steps used 
to make products (washing, soaking, blanching, brine cook-
ing, autoclaving, and packaging). Figure 4 shows the envi-
ronmental impacts of the various stages of production for 
ready-to-eat beans packaged in retort pouch. Hotspots in the 
production of ready-to-eat beans packaged in retort pouch 
are primarily associated with the washing and packaging 
processes. The packaging step significantly contributes to 8 
environmental impact categories (ME, NRE, Carcinogens, 
RI, IR, OLD, RO, AA) with a higher than 50% share among 
the 15 impact categories. It is the factor that has the greatest 
impact on RO, accounting for 72% of the total. In addition, 

Fig. 3   The distribution of 
environmental impacts by 
production steps and by sub-
components of packaging of 
ready-to-eat beans packaged 
in aluminum can (IMPACT 
2002+ method: single score)

Fig. 4   The environmental 
impacts of production steps 
of ready-to-eat beans pack-
aged in retort pouch (IMPACT 
2002+ method: V2.14/charac-
terization). GW global warming, 
ME mineral extraction, LO land 
occupation, NRE non-renewable 
energy, RI respiratory inorgan-
ics, IR ionizing radiation, OLD 
ozone layer depletion, RO 
respiratory organics, AE aquatic 
ecotoxicity, TE terrestrial 
ecotoxicity, TAN terrestrial acid/
nutria, AA aquatic acidification, 
AEP aquatic eutrophication
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the process of washing has a significant impact on 4 of the 
environmental impact categories (LO, non-carcinogens, AE, 
and TE), accounting for more than 90% of the total among 
all 15 categories of environmental impact. The autoclaving 
process also plays an important role for OLD (26%) as well 
as NRE (20%), and ME (23%) in terms of environmental 
performance.

The environmental impact category values of production 
steps of ready-to-eat beans packaged in retort pouch are 
shown in Table 2. The packaging process has highest impact 
on RO and added 1.06E−04 kg C2H4 eq to the total RO 
value of ready-to-eat beans packaged in retort pouch, bring-
ing the total RO value to 1.46E−04 kg C2H4 eq. Besides, 
the washing process has highest impact on LO and TE envi-
ronmental impact categories and added 1.368 m2 org.arable 
and 140.254 kg TEG soil to the total LO and TE value of 
ready-to-eat beans packaged in retort pouch, respectively. 
The total LO and TE value of ready-to-eat beans packaged 
in retort pouch was calculated as 1.370 m2 org.arable and 
142.651 kg TEG soil, respectively.

In addition, the major contributor process for GW was 
packaging with a 42% share of total (0.233 kg CO2 eq), 
followed by washing with a 25% share (0.137 kg CO2 eq). 
The outcomes are in line with previous research on the 
environmental sustainability of food throughout its life 
cycle. Del Borghi et al. studied on LCA of 13 tomato-
based products, and it was found that the environmental 
hotspot of entire supply chains of these products is the 
packaging stage, which resulted in the life cycle assess-
ment with the highest effect in all considered categories. It 
was also presented that packaging contributes about 50% 
for GW [42].

The distribution of environmental impacts by produc-
tion steps and sub-components of packaging for ready-to-
eat beans packaged in retort pouch is indicated in Fig. 5. It 
clearly shows that washing step has the highest environmen-
tal impacts with 59.3% of the total environmental impacts 
for ready-to-eat beans packaged in retort pouch. After wash-
ing step, packaging and autoclave steps follow with 26% and 
9.2%, respectively.

Table 2   The environmental impact category values of production steps of ready-to-eat beans packaged in retort pouch (IMPACT 2002 + 
method: V2.14/characterization)

Impact category Unit Total Washing Soaking Blanching Brine Autoclave Packaging

Global warming kg CO2 eq 0.550 0.137 0.002 0.071 3.79E−04 0.107 0.233
Mineral extraction MJ surplus 0.002 1.43E−04 3.45E−05 1.69E−04 1.62E−05 0.001 0.001
Land occupation m2 org.arable 1.370 1.368 4.60E−06 4.45E−05 2.53E−06 1.60E−04 0.001
Non-renewable energy MJ primary 8.362 1.300 0.021 1.160 0.006 1.694 4.182
Carcinogens kg C2H3Cl eq 0.018 0.006 7.39E−05 4.15E−04 2.68E−05 0.001 0.010
Non-carcinogens kg C2H3Cl eq 0.069 0.065 1.11E−04 3.84E−04 7.01E−05 0.002 0.001
Respiratory inorganics kg PM2.5 eq 0.001 2.03E−04 8.89E−06 7.98E−05 6.66E−07 1.72E−04 0.001
Ionizing radiation Bq C-14 eq 2.397 0.726 0.007 0.061 0.005 0.169 1.430
Ozone layer depletion kg CFC-11 eq 4.91E−08 6.96E−09 7.77E−10 2.62E−09 5.07E−10 1.31E−08 2.51E−08
Respiratory organics kg C2H4 eq 1.46E−04 1.56E−05 3.36E−07 8.76E−06 1.40E−07 1.57E−05 1.06E−04
Aquatic ecotoxicity kg TEG water 164.072 154.955 0.059 0.363 0.018 1.159 7.518
Terrestrial ecotoxicity kg TEG soil 142.651 140.254 0.014 0.084 0.005 0.270 2.025
Terrestrial acid/nutri kg SO2 eq 0.030 0.019 2.48E−05 4.60E−04 5.86E−06 0.001 0.009
Aquatic acidification kg SO2 eq 0.007 0.003 8.56E−06 1.17E−04 1.70E−06 2.33E−04 0.004
Aquatic eutrophication kg PO4 P-lim 4.60E−04 2.61E−04 4.74E−07 3.49E−06 7.17E−08 8.41E−06 1.87E−04

Fig. 5   The distribution of 
environmental impacts by 
production steps and by sub-
components of packaging of 
ready-to-eat beans packaged 
in retort pouch (IMPACT 
2002+ method: single score)
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The transportation of packaging component is found as 
the main contributor with 66% of the total packaging impact. 
Electricity consumption in the packaging process has the 
second highest impact (12%) of the total packaging impact. 
According to Johannes Remmele of Südpack, a packaging 
manufacturer, multi-layer packaging can contain up to 11 
ultra-thin layers, each with its unique set of features such 
as oxygen barriers. While offering optimal food protection, 
extending shelf life, and reducing food waste, these packag-
ing solutions reduce packing volume, raw material consump-
tion, and CO2 emissions [43]. The environmental impact of 
three-layer retort pouch packaging comprised of polypropyl-
ene, nylon, and PET film is assessed in this study. As shown 
in Fig. 5, the main contributors in packaging materials are 
polypropylene and nylon, which account for 8% of overall 
packaging impacts, and PET film, which accounts for 6% of 
total packaging impacts.

Comparison of aluminum can and retort pouch

As mentioned in the goal and scope, the LCA analysis was 
performed for the comparison of environmental impacts of 
ready-to-eat bean production using aluminum cans and retort 
pouches. LCA analysis consists of 15 impact categories 
calculated using IMPACT 2002+ method and the effect of 
packaging type on the environmental performance of ready-
to-eat bean production was compared. Comparison of the 
environmental impacts of ready-to-eat beans packaged in 
aluminum can and retort pouch are shown in Fig. 6. All 
impact category values of ready-to-eat beans in retort pouch 
were lower than ready-to-eat beans in aluminum can.

The highest difference was obtained for ME of impact 
category, while the retort pouch has 99% lower impact than 

aluminum can in ready-to-eat bean production. The main 
reason of this difference is the high amount of mineral con-
sumption for aluminum can production. Farjana and Mah-
mud studied on impacts of aluminum production using LCA 
methodology and they revealed that aluminum production is 
based on bauxite mining which causes environmental bur-
dens for mineral extraction. Their results also indicate that 
aluminum smelting and refining have high environmental 
load due to electricity consumption in aluminum production 
[44]. Similarly, this paper revealed aluminum production as 
the leading contributor (56%) to the total impact of ready-to-
eat bean production in aluminum can due to high electricity 
and mineral consumption. In this study, the country-specific 
data for Turkey were utilized as secondary data from the 
Ecoinvent database for electricity. The lowest difference 
was obtained for LO impact category. Ready-to-eat beans 
in retort pouch have 7% lower LO than ready-to-eat beans in 
aluminum can. While total LO of retort pouch was 1.370 m2 
org.arable, similarly, total LO of aluminum can was 1.480 
m2 org.arable in ready-to-eat bean production.

The results of the study revealed that the packaging phase 
was the primary environmental hotspot for environmental 
impacts of ready-to-eat food production. These results were 
also coherent with the literature on food-packaging appli-
cations. Del Borghi et al. studied on LCA for eco-design 
of product and package systems in the food industry. LCA 
of a set of legumes (i.e., peas, beans, and chickpeas) pro-
duced in Italy and packaged in glass bottles or steel tin cans 
were investigated to identify environmental hotspots under 
a cradle-to-grave approach. In that study, results indicated 
that about 90% of the contribution to non-renewable energy 
demand comes from packaging due to the production of 
energy-intensive primary packaging materials. It is stated 

Fig. 6   Comparison of the envi-
ronmental impacts of ready-to-
eat beans packaged in aluminum 
can and retort pouch (IMPACT 
2002+ method: V2.14/charac-
terization). GW global warming, 
ME mineral extraction, LO land 
occupation, NRE non-renewable 
energy, RI respiratory inorgan-
ics, IR ionizing radiation, OLD 
ozone layer depletion, RO 
respiratory organics, AE aquatic 
ecotoxicity, TE terrestrial 
ecotoxicity, TAN terrestrial acid/
nutria, AA aquatic acidification, 
AEP aquatic eutrophication
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that packaging is thus the main contributor phase for global 
environmental effects [30]. Similarly, Perez-Martinez et al. 
performed an LCA study to evaluate the environmental per-
formance of two ready-to-eat canned meat products with 
cradle to crave approach which includes stages from meat 
production to final disposal. They revealed that meat produc-
tion and food processing including packaging step as well 
for both products, pork lean and meatballs with peas are the 
stages with the highest environmental impacts. Their find-
ings also show that due to the use of electricity and steam in 
the food processing steps, packing and can sterilization have 
the greatest environmental impact potential [23].

Although past research has shown that the packaging 
stage has a significant impact on the environmental per-
formance of processed foods, there are little data on the 
environmental performance of ready-to-eat beans packaged 
in retort pouches [45–48]. Humbert et al. compared the 
environmental load of plastic pots and glass jars for baby 
food products. They discovered that items with plastic pots 
had 28–31% smaller carbon footprints than glass jars [28]. 
Del Borghi et al. investigated the supply chain of legumes 
(peas, borlotti beans, steam-cooked peas, cannellini beans, 
and chickpeas) to compare environmental hotspots in their 
life cycle. They found that GW of 1.166 kg CO2 eq for Bor-
lotti beans and 0.984 kg CO2 eq for Cannellini beans per kg 
of legume. Ina ddition, packaging was found as a primary 
hotspot which accounts 70% of the total impacts [30]. Poo-
varodom et al. revealed that retort cup systems decreased the 
overall GHG emissions by 10% and 22% when compared 
metal can and retort pouch systems for tuna products [29]. 
In our study, the GW of ready-to-eat bean production was 
calculated as 4.161 kg  CO2 eq and 0.550 kg CO2 eq for 
packaged in aluminum can and retort pouch, respectively. 
In other words, retort pouch package provides 87% better 
environmental performance than aluminum can package in 
terms of GW.

Conclusions

In the present study, LCA was used to compare the envi-
ronmental performance of ready-to-eat bean production 
utilizing two alternative packaging materials. Using the 
IMPACT2002+ method, the gate-to-gate methodology was 
utilized to compare the environmental impacts of ready-to-
eat beans packaged in aluminum cans versus retort pouches. 
According to the obtained results, the following conclusions 
can be drawn:

•	 In the production of ready-to-eat soybeans, the retort 
pouch surpassed the aluminum can in all environmental 
impact categories.

•	 GW contribution of aluminum can and retort pouch was 
found as 4.161 kg CO2 eq and 0.550 kg CO2 eq, respec-
tively.

•	 GW of retort pouch was 87% lower than aluminum can 
in ready-to-eat bean production.

•	 AE of retort pouch packaging was 60% lower than alu-
minum can in ready-to-eat bean production.

•	 For ready-to-eat bean packaged in retort pouch, main pro-
cess contributing to GW was packaging with 42% share 
of total (0.233 kg CO2 eq) and then washing process fol-
lows with 25% contribution (0.137 kg CO2 eq).

•	 The packaging process had the highest effect on GW 
with 85% share of total (3.539 kg  CO2 eq) and then 
the autoclave process follows it with 10% contribution 
(0.402 kg CO2 eq) for ready-to-eat bean production pack-
aged in aluminum can.

•	 Due to the usage of fossil fuel in this process, the auto-
claving process was another significant source of GW, as 
well as non-renewable energy and mineral exploitation.

•	 The washing step had the highest environmental impact 
in terms of LO and TE for both aluminum can and retort 
pouch in ready-to-eat bean production.

To summarize, the usage of various packing materials 
resulted in varying environmental performance, which is 
dependent on the manufacturing steps and their applications. 
Our study revealed that in the production of ready-to-eat 
beans, retort pouches were more environmentally friendly 
than aluminum cans. Furthermore, ready-to-eat beans in 
retort pouches outperformed metal cans across the board 
in terms of all environmental impact categories. Since the 
sustainability of packaging materials has not been exten-
sively investigated in the literature, the study’s findings can 
be regarded noteworthy for food packing. As a further idea 
for future research is to adopt a cradle-to-grave approach 
to evaluate the environmental sustainability of ready-to-eat 
food manufacturing in a more comprehensive manner.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10163-​023-​01791-9.
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