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Abstract
Purpose  Environmental pollution is a growing problem in developing countries, including China. The packaging-printing 
industry is considered as one of the main contributors to air pollution in China. Film lamination represents a critical propor-
tion of flexible packaging products. At present, traditional lamination technologies, e.g., dry lamination, consume consid-
erable resources and generate massive pollution. Correspondingly, novel solventless lamination could effectively replace 
conventional lamination processes and reduce air pollution, particularly the production of volatile organic compounds 
(VOCs). To promote cleaner packaging and printing production in China, we applied life cycle assessment (LCA) to compare 
solventless and dry film lamination processes in retort pouch packaging production and further validate the environmental 
advantages of the solventless approach.
Methods  Our research model considered the entire LCA process with an emphasis on film composite processing. E-footprint 
software and databases were used to assess environmental impacts based on the ISO 14040 standards. In addition, the 
laminated films were further assessed for peel strength based on the GB standards. Six environmental indicators, includ-
ing global warming potential (GWP), photochemical oxidant formation potential (POFP), primary energy demand (PED), 
water use (WU), acidification potential (AP), and respiratory inorganics (RI) were selected, with a particular focus on the 
first two indices.
Results  The LCA results showed that the environment impact of solventless lamination was markedly smaller than that 
of traditional dry lamination, with critical differences reflected in power consumption and adhesive type. Compared with 
dry lamination, solventless lamination reduced electrical energy consumption and CO2 emissions by 74.1% and 86.37%, 
respectively, and the unique adhesive reducing VOC emissions by more than 94.5%. Further estimation results confirmed 
the above findings, indicating that solventless production can reduce VOC and pollutant emissions from sources and thus 
promote cleaner production.
Conclusion  In short, solventless lamination is an effective method, both in terms of performance and environmental 
friendliness.

Keywords  Retort packaging · Solventless lamination · Life cycle assessment · Environmental impact · VOCs reduction

1  Introduction

While economic living standards have improved, there has 
been a corresponding increase in serious environmental 
pollution. This overcapacity production model has led to a 
rapid increase in emissions of volatile organic compounds 
(VOCs), which are one of the main contributors to air pol-
lution (Carter 1994; Dumanoglu et al. 2014). As such, the 
number of air pollution days has risen linearly (Ding et al. 
2017). Air pollution not only impacts the human respiratory 
system, but also all body systems, including the cardiovascu-
lar and reproductive systems (Dewulf and Langenhove 1999; 
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Huang et al. 2014). For example, high concentrations of fine 
particulate matter (PM2.5) significantly increase the inci-
dence of cardiovascular disease, especially in the elderly 
and very young (Latif et al. 2018; Hu et al. 2018; Han et al. 
2018; Tang et al. 2005). The appearance of smog can be 
viewed as a warning from nature, indicating that the air bear-
ing capacity has reached a critical point. In recent years, 
China has seen a shift from coal combustion air pollution to 
compound air pollution (Chen 2013). As a precursor, VOCs 
play an important role in the formation of compound air 
pollution and promote the formation of PM2.5, ozone, and 
photochemical smog (Han et al. 2018). As VOCs exist in the 
form of gas, they can be difficult to control and treat (Shen 
and Wang 2018). The packaging-printing industry is con-
sidered as one of the four major sources of VOCs in China. 
Therefore, the Chinese Government has introduced a series 
of prevention and control regulations, including: “Guiding 
Opinions on Promoting Air Pollution Joint Prevention and 
Control Work to Improve Regional Air Quality (2010)”, “Air 
Pollution Action Plan for Prevention and Control (2013),” 
“Technical Policy for the Control of Volatile Organic Com-
pounds (VOCs) Pollution,” “Measures for Comprehen-
sive Remediation of Volatile Organic Compounds in Key 
Industries (2015),” and “Atmosphere Pollution Prevention 
and Control Act (2016).” Among them, VOC emissions are 
considered critical.

In flexible packaging multilayer film composite pro-
duction, traditional dry lamination generates substantial 
VOC emissions and energy consumption (Guo et al. 2018). 
Recently, solventless lamination has been developed as a 
more environmentally friendly alternative (Guo et al. 2018). 
The production of flexible packaging composite film, espe-
cially for retort pouch food packaging, must meet consumer 
expectations, comply with environmental regulations, and 
guarantee product yield and quality at the same time (Abín 
et al. 2018). Whether solventless production of flexible pack-
aging multilayer laminated films meets the current market 
and industry requirements can be evaluated via peel strength, 
which is one of the main indices for measuring laminated 
films and should meet the GB/T 10004-2008 standards.

Solventless flexible packaging lamination involves sol-
ventless adhesive and special composite equipment to bond 
film-like substrates (e.g., plastic film or paper, Al foil) to 
each other, which are then matured by chemical reaction to 
ensure substrate layer adhesion. Solventless lamination and 
solvent-based dry lamination both use an adhesive to obtain 
a laminated film. However, the primary difference between 
the two processes is that the solventless lamination adhesive 
does not contain any solvent, and thus, its two-layer substrate  
does not need to pass through the drying tunnel before bond-
ing, as is required in the dry lamination process. The tra-
ditional production method focuses on the product’s own 
attributes and market objectives, leaving the environmental 

problems caused by production and consumption to govern-
ance. However, green-focused production takes into account 
the entire life cycle of a product from the perspective of sus-
tainable development and considers resource and environ-
mental issues as well as energy consumption from the source 
during the initial stage of production (Progress Report on 
Life Cycle Assessment in China, 2017).

Life cycle assessment (LCA) is an important tool in envi-
ronmental evaluation and is the basis of product life cycle 
management and green production. LCA is a quantitative 
measure of the entire product life cycle, which evaluates 
resource energy exhaustion of the product and determines 
environmental impact of pollutant discharge from raw mate-
rial acquisition to design, manufacture, use, recycling, and 
final disposal (Progress Report on Life Cycle Assessment 
in China 2017).

We focused on two environmental indicators of VOCs 
and CO2. As VOCs are precursors of PM2.5 and ozone for-
mation, they can be indirectly expressed by photochemical 
oxidant formation potential (POFP), as there is no accurate 
indicator currently available in LCA software. In addition, 
CO2 emissions are an important environmental monitoring 
indicator, with global warming potential (GWP) used in the 
software. As the main greenhouse gas, CO2 is often used 
to measure the environmental impact of production activi-
ties. The Chinese Government has proposed a CO2 emission 
reduction plan: by 2020, the CO2 emissions per unit of GDP 
will fall by 18% compared with 2015 levels, and total carbon 
emissions will be effectively controlled (China Ecological 
Environment Bulletin 2017).

As an important tool to evaluate the environmental per-
formance of products, many researchers have applied LCA 
modeling in production, agriculture, and industry (Winans 
et al. 2019; Zhang et al. 2018; Hickenbottom et al. 2018; 
Pommier et al. 2016; Garciaceballos et al. 2018; Zhao et al. 
2017). However, LCA studies require a large number of 
databases and detailed cases, so many areas remain poorly 
investigated. Within the industry, LCA tools can be used 
to evaluate the concept of green packaging. Several envi-
ronmental impact studies have been conducted on bever-
age packaging and aluminum-plastic packaging (Simon 
et al. 2016; Saleh 2016; Xie et al. 2016; Lorite et al. 2017; 
Almeida et al. 2010; Geueke et al. 2018; Hottlea et al. 2017). 
Most studies have emphasized the recycling of packaging, 
with limited research on package filling and aseptic packag-
ing process (Manfredi and Vignali 2015). Furthermore, there 
are very few published studies regarding flexible packaging 
using novel solventless technology. Hence, in the current 
study, we applied LCA to compare solventless lamination 
and dry lamination of retort pouch food packaging and ana-
lyzed their performance as well as economic and ecological 
benefits, focusing on front-end production and improving 
clean production at the source.
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We selected representative biaxially oriented polypropyl-
ene, aluminized polyethylene terephthalate, and polyethyl-
ene (BOPP/VMPET/PE) high-barrier composite packaging 
bags, which are commonly used as flexible retort pouch 
food packaging, as the research object. In the past, only 
dry lamination fulfilled the requirements for retort pouch 
production, with long-time high-temperature water vapor 
sterilization. In this study, we applied a novel polyurethane-
based solventless adhesive, which satisfied the requirements 
and is a suitable substitute for traditional dry lamination. 
The two composite methods were applied and analyzed via 
enterprise research, data collection, and model comparison. 
The same finished products were tested for performance 
after compounding, and both production processes using 
the two lamination methods were evaluated by LCA using 
E-footprint software, based on the ISO 14040-14044:2006 
and GB/T 24044-2008 standards.

The paper is organized as follows. Section 2 discusses the 
peeling performance tests of the laminated films produced 
by the two lamination methods. Section 3 establishes the 
two comparative models and LCA case study on the above 
contents. Section 4 provides a simple calculation for enlarg-
ing production scale in terms of CO2 and VOCs. Finally, 
Section 5 summarizes the main aspects of this work.

2 � Materials and performance test

2.1 � Materials for retort pouch food packaging

In this study, a 50 × 28-cm food composite packaging pouch 
was selected as the experimental object, with a composite 
BOPP/VMPET/PE three-layer laminated film and total 
weight of ~59.00 g. The peeling test of the film material was 
divided into BOPP/VMPET (I) and VMPET/P (II). The raw 
laminated films included BOPP film, VMPET film, and PE 
film, which were 0.019 mm, 0.012 mm, and 0.019 mm thick, 
respectively. The printing method was gravure imprint, and 
the ink layer was located between the BOPP layer and alu-
minized layer of PET.

The experimental equipment included an integrated 
solventless laminating machine (SMARTLAM1300, 
Sinomechanic Machinery Co., Ltd., China), a traditional 
dry laminating machine (GF-800C, Ruian Machinery Co., 
Ltd., China), a SM-1-40 two-component automatic mix-
ing machine (Guangzhou Sinomech Co., Ltd., China), 
and an XLW (PC) intelligent electronic tensile testing 
machine (Ji’nan Labthink Electromechanical Technology 
Co., Ltd., China).

The differences in laminated film produced by the two 
composite processes were mainly reflected in electricity con-
sumed, equipment used, and adhesives produced (Table 1). 
Due to the differences in process and adhesive, the produced 

laminated films may also exhibit different performance. 
Thus, we tested the main properties (peel strength) of the 
two films in regard to performance reliability.

2.2 � Experiments

The two laminated films were tested according to the GB/T 
10004-2008 standards. The test was carried out using 
Method A (from the standards) with a sample size of (15 ± 
0.1) mm × 200 mm. In brief, we sampled along the width 
of the material and removed 50 mm at both ends. We took 
five vertical and horizontal samples in turn, with the lon-
gitudinal direction used as the composite direction. Three 
parallel samples were used for each experimental parameter. 
All samples were placed in a chamber under 23 ± 2°C and 
50% relative humidity for 4 h and were pre-peeled 50 mm 
before the test. T-type peeling was performed on an XLW 
(PC) intelligent electronic tensile testing machine, with a 
peeling speed of 300 ± 50 mm/min. The recorded data are 
shown in Fig. 1.

The values shown in Fig. 1 are averages, and the experi-
mental data were processed to calculate the standard devia-
tion S, as follows:

The laminated film of each coating amount was compos-
ited at 100 m/min. The solventless adhesive composite film 
was aged for 48 h at 45°C and measured after dry composite 
curing for 72 h. As BOPP/VMPET is a boiled package, peel 
strength is much higher than that of PET/PE (dry light pack-
aging); thus, the latter was used instead of the overall peel 
strength base value. If the peel strength between the PET/PE 
layers met the standard, then composite strength was deemed 
to have met the requirements.

2.3 � Results

As shown in Fig. 1, the peel strength of the laminated films 
was enhanced with the increase in coating weight, and both 
composite methods exhibited the same trend. The data range 
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Table 1   Differences in main machining parameters between different 
lamination processes

Difference Solventless 
lamination

Dry lamination

Coating amount of I/II layer (g/m2) 2/1.5 6/4.5
Compound speed (m/min) 250/300 100
Electricity (kw/h) 25 60
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was large due to the experimental conditions and film itself. 
According to the requirements of GB/T 10004-2008 Plastic 
Laminated Films and Pouches for Packaging-Dry Lamination  
and Extrusion Lamination, the boiled level composite 
film peeling force should be ≥2.0 N/15 mm (dotted line 
in Fig. 1). Based on the test results, solventless lamination 
(≥1.0 g/m2) and dry lamination (≥3.0 g/m2) both reached the 
above requirements. This shows that the packaging produced 
by solventless lamination met the performance requirements 
whilst reducing the amount of adhesive required; thus, sol-
ventless lamination was shown to be a viable replacement of 
dry lamination production in the current study.

3 � Case study: LCA of BOPP/VMPET/ PE 
laminated packaging films

We used E-footprint software to evaluate the environmental 
impact of the packaging life of the two lamination methods. 
The China Lifecycle Basic Database (CLCD), EU ELCD 
database, and Swiss Ecoinvent database from the software 
were used in model building.

3.1 � Target definition

In this study, a 1-m2 BOPP/VMPET/PE high barrier pack-
aging bag film was produced as a functional unit by dry 
lamination and solventless lamination, respectively. The 
finished packages were 50 × 28 cm in size and 59.00 g in 
weight. For the LCA process, the entire life cycles of each 
package produced by the dry composite and solventless 
composite methods are shown in Figs. 2 and 3, respectively. 
Comparing the two diagrams, it seems to have only one 

process decrease. However, the reduction of this process 
in Fig. 3 implies the actual difference of multiple steps. 
First, the sudden increase in production speed has led to 
an increase in the yield of equivalent products. Second, 
reduced consumption of production raw materials, espe-
cially adhesives. And the consumption of electrical energy 
resources in the production process has plummeted. Then, 
the composite equipment used for solventless production 
and the supporting new adhesives have been improved. In 
addition, the selection of processing parameters, tempera-
ture, time, speed, gluing amount, and pressure in the actual 
production process has changed.

3.2 � System boundaries

The system boundaries (Fig. 4) represent the material inputs 
and emissions within the study. The entire life cycle included 
production, use, and disposal of packaging, with the produc-
tion process the most cumbersome and pollutant emissions 
the most harmful.

The production process was divided into printing, 
compositing, and heat-sealing. The main raw materials 
were BOPP, VMPET, and PE films (see Section 2.1 for 
related parameters). The upstream data were taken from 
the databases (see Table 3 in Section 3.3 for details). 
Raw material film was printed using a gravure aque-
ous ink. The main ink components were 30% acrylic 
resin, 15% alcohol, 25% water, and 30% pigment (and 
waste from the cleaning press), with lesser ingredients 
ignored. The power consumption of the equipment used 
for printing was 24 kw/h, and the printing speed was 
250 m/min. The upstream electricity consumption data 
were obtained from China’s national average power 

Fig. 1   Peeling test results versus 
coating weight of the two lami-
nation methods
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grid (mainly thermal power), and the main pollutants 
were discharged into industrial wastewater. The equip-
ment used in the composite process was a dry composite 
machine and solventless composite machine, which rep-
resented the main differences between the two composite 
methods. Their power consumption rates were 60 kw/h 
and 25 kw/h, respectively. The huge power consumption 
of the dry composite method comes from the lengthy 
drying tunnel used to dry the adhesive at a continuous 
heat of 110°C. The lamination speeds were 100 m/min 
and 250 m/min, respectively. As we used a three-layer 
composite film, the laminating process needed to be run 
twice. The adhesives were 100% cured two-component 

polyurethane solventless lamination adhesives and dry 
lamination adhesives with organic solvent dilution. The 
former has a very small impact on the environment and 
was thus ignored. The latter contains 30% polyurethane 
and an ethyl acetate solvent. Environmental pollutants 
are discharged into waste liquid, with the dry composite 
process accounting for greater discharge of VOC waste 
liquid, whereas the solventless lamination process mainly 
discharges wastewater. The heat-sealing machine con-
sumes significant electricity (5 kwh) during the heat-
sealing process.

In regard to product use, here, we determined environ-
mental impact related to transportation only, which involved 

Fig. 2   Flow diagram of the 
entire life cycle of a package 
produced by the dry composite 
method
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Fig. 3   Flow diagram of the 
entire life cycle of a package 
produced by the solventless 
composite method
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an 8-t medium-sized gasoline truck on the road for 500 km. 
Product waste was mainly considered in the form of solid 
waste into the environment, regardless of later waste disposal.

As we aimed to compare the environmental differences of 
composite bags produced by different lamination methods, 
the model was appropriately simplified, and thus the produc-
tion of food, storage, and refrigeration were not included 
in the investigation. Instead, we emphasized the lamination 
process, with a simple calculation of the main consumption.

The trade-off rules used in this study were based on the 
weight ratio of each raw material input to the total product. 
The material was relatively small and therefore not consid-
ered as an important pollutant. The upstream production 

data of the material were ignored, but the total weight of the 
material was not more than 5%. Secondly, if low-value waste 
was used as the raw material, the upstream production data 
were ignored; in most cases, production equipment, plant, 
and living facilities can be ignored. In this study, only the 
solventless polyurethane adhesive was neglected, accounting 
for less than 5%, which had little impact on the environment. 
The data in this paper represent industry averages of China’s 
dry composite and solventless composite production in 2017.

We selected several environmental impact indicators, 
including global warming potential (GWP), photochemical 
oxidant formation potential (POFP), primary energy demand 
(PED), water use (WU), acidification potential (AP), and 
respiratory inorganics (RI), as shown in Table 2.

3.3 � LCA

Life cycle inventory analysis (based on a 1-m2 composite 
film) was performed, with consumption and emission infor-
mation shown in Tables 3 and 4. Table 3 shows the input of 
the covered processes, and Table 4 shows the output except 
the finished product. The relevant data in the tables come from 
the survey results of several factories. A brief comparison of 
the above two tables shows the same type of packaging bag, 
consumption of raw material film, and process of disposal. 
However, due to different production methods, the equipment, 
energy, and materials in the production processes were differ-
ent. Furthermore, compared with dry lamination, solventless 
lamination reduced energy consumption by 74.1%.

Two models were established in E-footprint, namely, life 
cycle model of BOPP/VMPET/PE high-barrier dry composite 
food packaging bag (Model 1) and life cycle model of BOPP/
VMPET/PE high-barrier solventless composite food packag-
ing bag (Model 2). The above data were added, and analysis 
was performed. The upstream data were obtained from the 
databases provided in the software (e.g., CLCD, ELCD, Ecoin-
vent) or directly added.

3.4 � Evaluation of LCA model

The results and reports derived from the LCA models were 
analyzed and evaluated. The cumulative contributions of the 

Printing
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Heat seal

Transport
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Use

Disposal

BOPP film

Ink

Electricity

BOPP film

VMPET fim

PE film

Adhesive

Electricity

Electricity

Gasoline

Waste water

Waste liquid

Solid waste

Inputs              Modeled processes            Outputs

    Production

Fig. 4   System boundaries for the LCA of BOPP/VMPET/PE high 
barrier packaging pouch

Table 2   Environmental 
indicators used to determine the 
degree of environmental impact 
of the two lamination processes

Environmental impact indicator Indicator unit Main substances measured

Global warming potential (GWP) kg CO2 eq. CO2, CH4, N2O
Primary energy demand (PED) MJ Hard coal, lignite, natural gas
Water use (WU) kg Fresh water, surface water, groundwater
Photochemical oxidant formation poten-

tial (POFP)
kg NMVOC eq. C2H6, C2H4

Acidification potential (AP) mol H+ eq. SO2, NOx, NH3

Respiratory inorganics (RI) kg PM2.5 eq. CO, PM10, PM2.5
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indicators are shown in Table 5. As seen, the environmental 
impact indicators were higher in Model 1 than Model 2, 
indicating that the environmental impact of dry lamination 
production was larger, and pollution was higher.

Figure 5 shows the GWP calculation results of the two 
composite modes. The CO2 environmental impact (GWP) 
ranking for Model 1 was BOPP > PET > PE > Electric-
ity > Adhesive > Other. The CO2 environmental impact 
(GWP) ranking for Model 2 was BOPP > PET > PE > Ink 
> Other. Thus, the largest differences between the two pro-
cesses were the contribution of electrical energy and adhe-
sive to GWP. The power consumption dropped from 0.021 
to 0.00542 kg CO2 eq, that is, the dry composite produced 
four times more carbon emissions than the solventless com-
posite. Furthermore, solventless adhesives had zero GWP 
and a greater reduction in greenhouse gas emissions than 
dry 0.01897 kg CO2 eq.

Figure 6 shows the POFP calculation results of the two 
composite methods. The POFP environmental impact rank-
ing in Model 1 was PE > PET > site contribution > transport 
gasoline > BOPP > adhesive > other. The POFP environmen-
tal impact in Model 2 was PE > PET > on-site contribution 
> transport gasoline > BOPP > other. The greatest difference 
between the two processes was the contribution of the adhesive 
to POFP, i.e., solventless was 0 and dry was 3.69 × 10−5. In 
addition to the raw film, the largest contribution of POFP was 
on-site (contribution produced during production) because of 
the VOC emissions in the model. Reducing VOC emissions 
has a positive effect on alleviating ozone production.

Figures 7, 8, 9, and 10 show the consumption contribu-
tion of each environmental impact indicator of Model 1 and 
Model 2. In comparison, the POFP, AP, and RI values in the 
two models were relatively small. The values of PED and 
WU were relatively high, although the unit of PED was in 
MJ (compared with kg). In respect of adhesive and electri-
cal energy, Model 1 had a greater impact on the environ-
ment than Model 2. Among the various parts consumed, 
BOPP film had the greatest influence on GWP, PED, and RI; 
adhesive had the greatest influence on WU; PE film had the 
greatest influence on POFP; and PET film had the greatest 
influence on AP.

Figure  11 is a cumulative contribution graph of the 
impact of different categories of consumption on the envi-
ronment. As seen, the contribution of the raw material film 
to the environment was significant; however, raw material 
film is essential for meeting basic packaging pouch require-
ments. The contribution of the adhesive was obtained by 
removing the necessary film material, followed by the ink. 
Therefore, improvement in adhesive can maximize overall 
environmental performance. Attempts to replace dry solvent 
glue with solventless adhesives thus have substantial envi-
ronmental potential.

Inventory data sensitivity of the LCA refers to the rate of 
change of the corresponding indicator caused by the rate of 
change of the inventory data unit. By analyzing the sensitiv-
ity of the inventory data to each indicator and matching the 
improvement potential, the most effective improvement points 

Table 3   Consumption and 
investment of LCA models

Consumption name Consumption (dry 
lamination)

Consumption (solventless 
lamination)

Upstream data source

Ink 3.00 g 3.00 g CLCD-China 0.8.1
Isopropanol (VOC) 0.75 g 0.75 g CLCD-China 0.8.1
Water 1.25 g 1.25 g CLCD-China 0.8.1
Adhesive (VOC) 10.50 g 3.50 g Data filled directly
BOPP film 17.29 g 17.29 g Ecoinvent-Public 2.2.0
Al 2.70 g 2.70 g CLCD-China 0.8.1
PET film 14.50 g 14.50 g ELCD 3.0.0
PE film 18.00 g 18.00 g CLCD-China 0.8.1
Transportation 0.0305 t*km 0.0305 t*km CLCD-China 0.8.1
Electricity 0.0224 kwh 0.0058 kwh CLCD-China 0.8.1

Table 4   Disposal and discharge of LCA models

Emission name Emissions(dry lami-
nation)

Emissions 
(solventless 
lamination)

Ethyl acetate (VOC) 7.00 g –
Isopropanol (VOC) 0.75 g 0.75 g
Water 1.25 g 1.25 g
Solid waste (plastic) 59.0 g 59.0 g

Table 5   Cumulative contribution analysis results from LCA models 
(1 and 2)

Indicator Unit Result (Model 1) Result (Model 2)

GWP kg CO2 eq 0.196 0.162
PED MJ 4.200 3.526
WU kg 2.881 1.802
AP kg SO2 eq 7.647E−04 6.078E−04
RI kg PM2.5 eq 2.754E−04 2.133E−04
POFP kg NMVOC eq 0.00113 0.00109
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can be identified. Table 6 lists the inventory data for >1% 
sensitivity for GWP (kg CO2 eq) and POFP (kg NMVOC eq), 
excluding raw material films.

As seen in Table 6, the energy value of the dry composite 
GWP data sensitivity was 10.75%, whereas that for the solvent-
less composite was only 3.36%, indicating a marked improve-
ment. Furthermore, the reduction in electricity consumption had 
the greatest impact on greenhouse gas reduction (regardless of 
raw film materials), followed by the use of adhesives. The data 
sensitivity of POFP to the VOC emissions was greater than 20% 
in both lamination processes (Models 1 and 2), indicating that 
organic solvent emissions had a significant impact on POFP.

Sensitivity analysis results showed that the most effec-
tive improvement in the environmental performance of the 

production process (from dry to solventless) was the reduction 
in greenhouse gas emissions due to power consumption, which 
cannot be further improved due to raw material consumption. 
VOC emissions had the greatest contribution to POFP, indicat-
ing that ozone production can be reduced by reducing VOC 
emissions.

3.5 � Explanation of LCA model

The upstream production data were complete in the life cycle 
model. Solventless composite adhesives accounted for less 
than 5% by weight. These adhesives are 100% curable and 
do not produce solvent emissions and thus have little environ-
mental impact. The limitation of this study is that only one 

Fig. 5   Global warming potential 
(GWP) of the two composite 
methods

Fig. 6   Photochemical oxidant 
formation potential (POFP) of 
the two composite methods
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representative package was studied, as we compared environ-
mental impacts of different composite methods, with less con-
sideration in terms of specific process details.

The recycling and EOL stage is not involved in this work. 
The adhesive applied during the lamination process has sig-
nificant improvement on environmental impact, when com-
pared solventless with dry lamination process. For recycling 
and EOL, the retort packaging is made of the same three-layer 
BOPP/VMPET/PE composite material in the two models; they 
have no obvious influence on the final packaging, which could 

be neglected. If the EOL treatment is carried out by recycling, 
the results, by solventless technology, are consistent with the 
results of the dry lamination film recycling research, so it is 
not included in this paper.

3.6 � Summary

The LCA evaluation results of Model 1 and Model 2 were rep-
resented by six evaluation indicators (GWP, POFP, PED, WU, 
AP, and RI). We focused on GWP and POFP specifically to 

Fig. 7   Solventless lamination 
environmental contribution of 
different categories 1
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represent carbon emissions and ozone generation caused by 
VOCs, respectively. Overall, the six indicators showed that the 
environmental impact of Model 1 (dry composite) was higher 
than that of Model 2. The primary differences were reflected 
in the use of adhesives and electricity consumption. Dry 
composite packaging bags thus have a greater impact on the 

environment. In addition to the environmental impact of raw 
film material, differences in GWP were primarily from electri-
cal energy and adhesives, whereas differences in POFP were 
primarily from on-site VOC emissions. Cumulative contribu-
tion evaluation showed that total environmental impact was 
highest for the adhesive. The sensitivities of GWP and POFP 

Fig. 9   Dry lamination environ-
mental contribution of different 
categories 1
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Fig. 10   Dry lamination environ-
mental contribution of different 
categories 2
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were analyzed, which showed that the improvement was con-
sistent with the LCA results. The dry composite adhesive and 
electricity usage had the largest influence on the environment, 
and thus need to be improved.

4 � Contribution of solventless lamination 
to overall environmental improvement 
in China

4.1 � Extended calculation of VOCs

VOC emissions have a considerable impact on the environ-
ment and resident health. The following is an estimated cal-
culation for the production of VOCs per m2 of composite 
bags according to the formula:

VOC pollution equivalent number = VOC emissions (kg) 
/ VOC pollution equivalent value (kg)

where the VOC pollution equivalent value is 0.95 kg. 
In the dry lamination process, 7 g of ethyl acetate is 

discharged per m2 of film, and the calculation of VOC 
pollution equivalent number is 0.007368. Similarly, in 
the solventless lamination process, only 0.75 g of ethyl 
acetate is produced per m2 of film, and the calculation 
is 0.000789.

The above research results only show the environmen-
tal impact of the production of a square meter of the two 
kinds of packaging composite bags. As a result, further 
calculations on annual VOC emissions were carried out 
to estimate the impact of the composite processes, using 
two parallel domestic flexible packaging lamination pro-
duction lines as examples. The production line works 
8 h a day and 300 days per year, with lamination film 
production speeds of 100 m/min for dry lamination and 
300 m/min for solventless lamination. Our calculation 
results showed that dry composite yield was one-third 
lower than that of solventless lamination over the same 
period of time, but VOCs emitted by dry lamination 
were three times greater. Based on the same volume of 
composite pouch production, i.e., 7,200,000 m2, emis-
sions from the solventless process were 94.5% lower than 

Fig. 11   Cumulative contribu-
tion graph of the impact of 
different categories of consump-
tion on the environment for 
models 1 and 2

 BOPP film  PET film Adhesive  PE film  Ink  Electricity Transportation  Al  Water

 RI -Model 2

 RI -Model 1

 AP-Model 2

 AP-Model 1

 POFP -Model 2

 POFP -Model 1

 WU-Model 2

 WU-Model 1

 PED (MJ)-Model 2

 PED (MJ)-Model 1

 GWP -Model 2

 GWP -Model 1

Table 6   Inventory data 
sensitivity of several 
environmental impact factors 
in GWP and POFP for dry and 
solventless lamination

Affiliation process Dry lamination Solventless lamination

GWP
(kg CO2 eq)

POFP
(kg NMVOC eq)

GWP
(kg CO2 eq)

POFP
(kg NMVOC eq)

Electricity 10.75% 0.72% 3.36% 0.19%
Adhesives 9.68% 3.25% – –
Ink 9.25% 2.56% 11.24% 2.66%
Transportation 1.64% 11.81% 1.99% 12.27%
(Isopropanol) VOCs – 20.99% – 21.82%

571The International Journal of Life Cycle Assessment (2021) 26:561–574



1 3

emissions under dry lamination (Fig. 12). We also calcu-
lated impact based on replacement of dry lamination with 
solventless lamination. From 2018 to 2022, if China’s 
flexible packaging composite market gradually replaces 
dry lamination with solventless lamination, the approxi-
mate values of energy saving and emission reduction in 
the printing-packaging film lamination industry were 

estimated. This estimation clearly and macroscopically 
reflects the environmental protection performance of the 
solventless lamination process. Table 7 shows the esti-
mated values of the market output of the two composite 
methods over the above-mentioned 5-year period, which 
indicates that the market share of solventless composites 
will increase from 25 to 56%.

As can be seen from Table 7 and Fig. 13, as the market 
share of solventless composites continues to increase, VOC 
emissions will decrease year by year. Due to the fast pro-
cessing speed of solventless composites, the total output of 
composite membranes also increases every year.

The release of VOCs into the ambient atmosphere can 
cause serious environmental hazards. VOC emissions not 
only promote ozone generation but also cause severe haze 
in northern China. To reduce PM2.5 and environmental 
pollution problems, solventless composite production can 
help the Beijing Government achieve their stated goal of 
“annual average concentration of PM2.5 in Beijing drop-
ping by more than 25% and controlled at 60 μg/m3”. If 
this cleaner production process is further promoted, it 
can contribute to solving certain environmental problems 
faced by mankind.

Fig. 12   Annual composite VOC emissions from the two composite 
methods (equivalent yield)

Table 7   Market share of two composite methods each year

Year 2018 2019 2020 2021 2022

Solventless lamination (%) 25% 33% 40% 48% 56%
Dry lamination (%) 75% 67% 60% 52% 44%

Fig. 13   Total VOC emissions 
from the two composite meth-
ods each year
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Note: Taking a classic packaging printing factory as an 
example, the film production line is assumed to be 25% 
solventless lamination and 75% dry production for 144,000 
min in 2018. In the next year, the dry lamination process 
is gradually replaced by solventless technology. The above 
graph shows the changes and overall reductions in VOCs 
over 5 years.

4.2 � CO2 extended calculation

According to the GWP data in Fig.  5, the production 
capacity of one production line was extended to 1 year 
(calculation conditions of Section 4.1 above). If only the 
composite process is considered, the CO2 emissions from 
solventless and dry lamination processes are as follows 
(Fig. 14). Therefore, solventless composites reduce CO2 
emissions by 86.37% compared with dry composites, a 
reduction of 247.320 tons per year, effectively reducing 
the environmental impact of greenhouse gases from the 
source.

5 � Conclusions

This paper proposes a novel and cleaner production and 
processing method, i.e., solventless lamination rather than 
traditional dry lamination, with the use of 100% cured 
two-component polyurethane adhesive able to produce 
flexible retort pouch food packaging. The peeling strength 

of the composite packaging meets the standard well and 
could replace the dry lamination process totally. Further-
more, the process can effectively reduce environmental 
pollution caused during production, especially VOC and 
carbon emissions.

For the retort pouch food packaging produced by the two 
composite methods, the peeling performance of each com-
posite was first measured to obtain peel strength. E-footprint 
software was then used for LCA. Based on the data indica-
tors, the environmental compatibility of the solventless and 
dry composite methods were analyzed and compared.

Results showed that the overall environmental perfor-
mance of the solventless composite was substantially better 
than that of the dry composite, especially for the pure lami-
nation process without raw materials. Based on the two main 
contributors to environmental performance (i.e., adhesive 
and electrical energy), we focused on two evaluation indi-
cators, CO2 and POFP, for further comparative analysis and 
expanded calculations. The solvent-based adhesives were 
the main cause for the high POFP value in the dry compos-
ite process, whereas the solvent-based adhesives and large-
scale electricity use were the main reasons for the high GWP 
value (raw material not included, ink included). Taking a 
theoretical composite production line for 1 year as an exam-
ple, compared with the traditional dry method, the novel 
solventless lamination technology can reduce CO2 emissions 
by 86.37% and VOC emissions by 94.5%. If dry compos-
ites are gradually replaced by solventless composites, total 
VOCs will be reduced rapidly year after year. Therefore, this 
research indicated that solventless composites can reduce 
environmental impact.

However, the scope and cases used in this study were 
limited, and further improvement is needed to increase the 
reliability and persuasiveness. The properties and stability of 
solventless lamination on ultra-high temperature food pack-
aging application still have some problems that need to be 
overcome in the future. In short, however, solventless lami-
nation is an effective method, both in terms of performance 
and environmental friendliness.
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