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BRAV WA SIRZCAINR SRAEIEKR, HIGFERIEF Sk, RERRUPEEEE
WVEES & T ash 7 BEHRRVBERGEASEINEE, HRKVBERGERAGERRINE
FEMEEMBEE (XEE, 2022; Gorton et al,, 2009) .

=. HERWBERBMIAF

AR EEARIARIWEBERIARC—, HEKRIVERIMAIERGENE SR ARESF R
HRREENE. Mit, BEEFESRETE—BRIRREE—BERG. ARESTHEEER
REARSSE RSN AT TERMN IR, TN SEIN (GKIES, 2022; Pe'er et al,
2020) , BRFEBEFRKEWN. MBCHFEBIREENAITIVIC, BT 7 EEEHRER L
RRAAEFIRTS, K@i, L. RUWBHRNHE SHENGESSTS, R 7HE
RAIBERANREIRMAISTE IR, IRESERRN—RYIBERTER, 5 T BERERNT
ZFEERSHAREAEAFREE (B, 2020; ZFEME, 2015) . thEZENTS IR
FTHIBRR T RN AR EXTEERESHFBER (RiFF, 2020) . RIVAMREIFARSHR
(GKFIZF, 2019) . BER, HFRIWAIBCRER. KRR, BRI
RIKRNHHNBRERRE (FTXE, 2018, m=EMEF, 2022) . EEFENBERNGHNT
BIzRAEMEE S ENI R REBCRLER R TIFAEL, ETEFREIFEREAR
(OECD) RFEWTBCRARTRIBEELF SRR, WEIERENHARAIEERTERE
WERBHTIN, FRAMEIHE S TARRHERRIWEBERIEX AR ZREBXEN (EBEF,
2019; Maes et al.,, 2016; Mamatzakis et al., 2020)

ERFERARE. TEIKRTREAREDSHEZRRMRARENST, BEFER
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ETBERIFNIAD T 7 RIIMERIPESESIMEBER (RXMF, 2022) | EBEREXIFB
R (EBESF, 2018) | XNETFE (BRFEE, 2022) SR-RIIERSRIFSBEREEE
FFESHEIGRIEIRR (E7E, 2015) , FFESREFREEHERWEBERIEN HEEHE, HRR
HERWEBEREISIMEMNBERIERIASR, 2000 FENAR RS TERIES I B INE ST,

FEINBERTEBMUBHAESHE (AFEE, 2021; Czyzewski et al, 2021) . SCHEAYIAE

P BERA IS MERSESAITBIE IR T RWAES K FERISMAIEI SN, SRR

IRESAHE TS T 20%LAE (Alliance Environnement, 2020) , BEBFH RIERAFIE
REEYW. BEPRIR. SEKR. M ERERM RS E S EIENE, FR0T8e

HHISSES RIS, (BHRIAIRTIFEMAR (Simoncini et al,, 2019; Khanna et al,,
2009) .

=, HRAKRGBLZERNEZAS

HRIRIWEERAE 7 BB AR EEZR A BERRIEE BirENE. RVBERARESHRIE
ARG RAMBRIEGN "FEY" |, EHERT SIS RIER, INEEE AR
PEIER" SRR "EYISEEEER .

(—) FEMIVEEM

MERERST 2019 FREHT "FEIMY" BERIER, 88 7H2050 FIREMMEA
RUEERERTVEIN, BFEE 2050 FLMSIRTPFIRISWAR R, 2 2030 FHREERIEESIAE
TELE 1990.3 im 55%. 5, IGREUBIEEN SR, BIEIBEXSEAKRELIRF.

BRERFEMSURPILT BRI P RERUH TWAIRS (RUNTALAER) . BE5HEKER
IREFRRRE, FHEREFTIHEREIARS, ISR PHXE (EAES T .
=& 900 IZMTTEATEAHRASERPETE, EERESHIESNR AR KR TR
ARz, B 75%ANRESMAIBCRBEREREZEMAET, BRI RRREXEE. &S
RERERAE RS — 1 Bir. EFMINERGES —(EEE=E. 2 2050 F, SzEExX
ROHERER R 90%, EWFMAFFEAREETS, Br2Bgmr=S. TEK, 2
2050 LI "AEHEME" . Ah, 2030 F, SHME 30 {2, RATHERRFESK
IRRIARR, BRER 2030F S HEAIR SRR ENZ] 2030 FIRERMAIEYIZ L.

(2) NRIZRIERE N RYIRSE
"FEIY BB —DNRBERE D BRI ENR R, MEZREST 2020
F5BE "MWRIZEER" SI8HHIE T XS ERI BETE.
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BREIREBENRTEE NI RRE. B EENEFFERIRY.
RDRBH (-50%) . HAE (-20%) FIHIERRIER.
IEINATEMAAIER,

(EHE AL RV R MIHE L.

> BYHRRITREE .

FIEAtAHE FRIRmEFTA.

METHIER.

B BN R RSB I THRIPEATIE S, XM SEEE 2030 &
ESEiEE, BEETIRIL. BEEFFENIREREMRE. M IREIRAES IR
—HRYEEINLEEN . EERNEAIREFERELSFRRNIBEE DRSS, FHHREEE
R ELICEERRIRS.  "BIRIATEITH" RISEEREE! 2030 FRHEHLRKIIAERR
BRIDEUESZIRIERRRTY 25%. ERBMRRERHERAETIRINERITE. EhsRET
iaRT, BUMSRYIHERIMEISITRIGIRE, ASEMAIEIR,

2021 F£ 11 B, MBERERM T — X TERHIREMARRIIMER AN it IRIE
5. EEEEN— M EUNIRERETHAIBHUESIIRXIE]. BRI —MERAE,
REREE /B TERIIR RN IEIT 0 S, EERRZTHERRTEVER, NMILTER
RS RN AT LABIS IRBCR S AREYER, RS SRS EAERRIER. S
IRRFHISEEEMMEEANSEEINA, MMESEE. EREIFNESFY. RIFERIIFTRR
HERIPLASABPIEMEETTEM. LIl PIREKrFRIBS R ERIE .

(2) £zt

2020 £ 5 B 20 H, MIBEZERLEIT (2030 FRUBEYISHEIELLAR) 1B, 1ZIREIT
KIRERLATEIE: #s72=/D SRGHPEHATEFETR 30%AURIFK, 7 AIABEARF
(Natura 2000) RYEAEZEE. BEI—FRIENKENTTIRERIAIESERS, B0z
2030 FHRZGAIERFIRFGIHE 50%, FAEEENEREEFME 30 (21K,

S N N N N N

M. HFERIVERFERRESBHR

SR, HRRISSER SR ST AR A SRS, oL
26 2023 £ 1 BRIERIETH 2023—2027 Hi— RSB LRIRSEIFRN0T0E, A1
SRRV S FEIRERET COVID-19 SIEIESSNRIN, BEBRUARENEI0H
5, HRARVEEHTIE "SRRRRIRTHOBSEIEE" (%3 (Peretal,
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2019) . MEARMABBERT T REKEHBEEEIFE:

—EHERRNBEREFEINEMREN, RIYARIEMNERIFERZ KT (KoteF, 2020)

(Policy objectives for green development are clearer and simplified, with increased
attention to rural development and environmental protection) , FEEBERBRE IS T™XITF
FREORBAYSHSE NEH, RRRIFEENSETEIRIMER, BERSOFEREAIMRMYE, K
WEZIheE., KRR EFERBHERERT (Matthews, 2013) ,

CESIBARCESDE, iTEBE—H ( Multiple policies are implemented in a
complementary manner, focusing on policy coherence) , FBRHEERWBERS, H
BURIBIERE R TR ISE "MARMHRIER &iR" LUK "SR SERIXETE,
BEEES (BUMNFEN) 18324, DR ASeESERERRE (Cuadros et al., 2023)

protection of farmers' interests, and the mechanism for the protection of interests has
been gradually improved) , #—fHREKRWBEHREAFRZERMNKRIEH G, FRPKREF
m, BRI SHMESESSEERIEREEERETERY, SRR,

MEHFHeERIW AR, BUEERRERGIFIKE (Digital empowerment for
agricultural development and strengthening the innovation drive for green
development) . TERIVRHREIFTIIE, Fr—iColRRRHERERRBEMMARERNEEIIAR
BIGRNE, BRIKERR. A EIRER S NI A RN FAER, 7
BRVIMERIPIEARARNARIEASTIFNER, ENOHERIIIREIHZRBESRE (&R,
2020) .

HRERSEXEIAZIIBREERSELZT, F—RHERKIBERERILRESHRETT.
SESNEERE, FENFFT—RERRBERERM TSR BEH TRNRR. AREK
TR ARV BERTEESR ERSRERRIFTRNSE, = MRS — S B ESUT A
PHEESERNARIEREN, (BECRTELIARRENERE. S SHEEESUTH
ReEEoE, XEITF 2013 FXEFHNBERERESMT. BHEESY, Fr—RHtRRWEERE
BB MUEIAS T, FSEEARE, FHRERRASTRRUERMINSZ . BB,
BEKESM, £53T, ERESIPRRIEERSIAT (BENE, 2023) . EhimsdFaE,
RRBRRBATLT. FAAEEECR, ERAHTHEE, HAESETmhzsasR=sl, T
BEFRRAEFNITIEE, SEERIWERIEFEENTHIZRMW, W, ERITRER, 5l
NIE(EER, REBRIFUESNEEETE, BRERWINESIRMTIMEE, Bk
IREIFAIE IR, IEERFRWRFALMEHBERR AR R (RIGHEF,
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2023) ,

h. BESHRER

ERBLSAIEERES T, HRRWBEREFRETHRNSEES, "GE" RS
(Z554E, 2006; HETSE, 2007) , BERTENGZERERE, SSMNRMEEZXTE (PIZF,
2020; B4, 2019) , HiXEETMLLAAMREGEFEEMAIEREEEITL, FHEM
R FERREBFERE (XigE%F, 2018; KXESF, 2017) . MPERHEARIWKE, BE
BRIARERENFEREE, BEEEIGREEIRAHMSIE. FEEERZNRK. IR
RAEREIERINREZF, PEBRARIIAZBIREEN AR AR AREIENEE, WEERT
AT ERRR, ERADEENCREMANRBEE RV BERH TS, SE+PTA
MARIERECR. R FERENGESEIXEFHFSERM—ELRNETR (BEVE,

2023) .

—ETEMERRIHU, BERARWECRINFEARE (Focus on top-level design
optimization and synergistic development of agricultural policies) . KIWAEEABES
FERIVEERRIS 1SN, PEHE (SR (RFERRZIASU) FSUHFIER,
EMEEIRERITRET AR, REPESHFRE. IMRHHNGTESRRE, NEHE—ERL

(GkiS<E, 2022) ; ERY, BREEHHHSARBERZEIEEERRF NN, HMEINBERZ
[ERGEHEM L BHERIRERE,

“REVRESRFEITNMAR, REBERIERHITHE (Improving the development
evaluation system and enhancing the efficiency of the implementation of policy
measures) . RIVFBEKREGRIBEINGENY, KELSKENHEIEEBERZRIMTRAASE
RRIWARBR, REBERXERIHIEEE. Fit, FEEFSERUESSEFMBRESES
RO, AEBAISR R AF=EEFBEF T/, FERIIM, KK, SR EPFERRTRE
ERWFERFETNAR, RIS, ESIMEHTIRNUFATE, BPSRRERE
Bt (FLLEF, 2022) .

=RHTFRAREERARE, WEMKAFTAREERE (Digital technology empowers
agricultural development and builds a pattern of scientific and technological innovation
development) . RIRIREBAEE—FMAEMRRZNESNARERE, Fhelt. HFHRIW
HARRBRNKRIFEREREHEER. BRI TKERRERmETIAL, FHELERAIE
R BIBCUETR, DIBARRURIEMEIEEIR NI R St P ER AR EE
TR (RMMRF, 2023) .
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BEFRLAK, BEGRRARSLES. WERET KX, FBRIRT "REXE" BIP,

LREMREFXRIRNEFRRNEE W, RIEERFITEEE, 2021F2ERE
MIEFRA2198.575hm?, GRS EIAR7.76/2t, RELIER3.5%, BERANGRNERARHER
79109.8kg, [EILLIENNS.9%. ERY, HEREKGERIEEMNEN, BEERENEFR=FIC.
HEREHOE/989975t, HOA122.93(235T. HRIAMRERBAMURE T hinfts. 13
MY REWA, BERHEHTERERGRBIAIRE. GmEERmnEiIINE, RIEHRIENE
PSR HERURAVEEST R, R iERET LR AR TR, FBAMIE
AmitEzs), SR, BENERREE. R, BT HRENEEHREE, HEEEZRM.
REFZMT™8. BAE—EREMMEDIESNE, SEFRBE SRR, EX. BAES
[R5, E, iMTRERERRREAE, EUmEEN. BB . TEMERImEA
F—EHRIFIFARKENER.

ERSNGRRRBRREEETEUTOIE: —RiRnBNEIaSiRe. HRNERE
MBI FE LAY, EF- A FRIEA AN RNTEIZARIERL, TR RNMBIARIRREC,
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AIMERTHRIMEESZTEMERINE, HIMNWEEZREQREM. WhEH, TirEEERAUR
2510, SRRIEERESETRRAIIINAAZEER. 5B, MESNREBEA RS S
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ERERETFENEE, BEER FEEMSRAMAT - HNMEF RN SRS, RItHZ
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REE DAL ATZAERMEFERERENA AR R AR RERE. EFniER
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MEREEFRERETERMNER Y, KEFRERENRFRETESHNER, FERF
BEREFENBREAR. MEBR. ANBFHISEAR], ZBiREBNENAR. REGRRES

TMERESERE, KSATEREBENMNER, FERAERTTRIVEE, RFER, HIE
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Review on life cycle analysis (LCA) studies of reusable plastic crates
for fruit and vegetables
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ABSTRACT

Fruits and vegetables require proper packaging to ensure safe transports from farm to shops and retailers. Poor
packaging may result in food losses or waste by reduced shelf life. The production and use of the packaging
material generates GH G emissions and so does transports and disposal of packaging. The use of reusable plastic
crates (RPC), instead of disposable boxes, was found to be a feasible solution in reducing waste and environmental
impacts throughout the lifecycle of secondary and tertiary packaging. The aim of this study is to provide a review of Life
Cycle Analysis (LCA) of RPC systems for fruits and vegetables under different scenarios. The paper focuses LCA studies
of RPC systems for fruits and vegetables from cradle to grave. It aims to review the key designs of the LCA and identify

the system boundary, functional unit and main findings. The review presents global warming potential (GWP) results
associated with the use of reusable plastic crates, which were observed to be 65-628g CO; eq. per cycle of crate during
service life. Meanwhile , cross-cutting issues are discussed which can reduce food losses as part of transportation,
providing additional benefits for this system as compared to conventional crate solutions.

1. Introduction

With the increase in the global population, food demand has
increased and consumption patterns have changed towards
more resource-intensive and perishable food products such
as fruits, vegetables and animal proteins (Boerger et al. 2021).
The World Food Forum (WFF) officially unveiled its theme
for 2023 on Apr 27" called ‘Agrifood systems transformation
accelerates climate action’ highlighting that agrifood systems
account for one-third of human-caused greenhouse gas emis-
sions, 90% of global deforestation and 70% of water use glob-
ally, and are the greatest cause of terrestrial biodiversity loss,
putting pressure on food value chains (FAO 2022). The food
losses along the supply chain are enough to provide food for
1.3 billion people every year (FAO 2023). One international
study suggested that as much as 44% of agricultural production
is never consumed (Majendie 2020) where a more general
range reported is in the range of 30-50% postharvest losses
(Bancal and Ramesh 2022; Byerlee et al. 2008). In addition,
transports, processing and packaging can account for nearly
half of the energy consumed in the food system (Monforti-
Ferrario et al. 2015).

Good packaging provides an opportunity to reduce food
losses and ensure food hygiene. Various forms of packaging
and containers have been developed to best suit fruit and
vegetable logistics, as well as for the demands set by products,
retailers and end-users (Ingrao et al. 2021). For secondary and
tertiary packaging of fruit or vegetables, cardboard boxes,
single use plastic crates, reusable plastic crates (RPC) or

wooden boxes are commonly used. While the first two are
non-returnable packaging systems and are normally disposed
of or partly recycled after one use, RPC is returnable packaging
that can be washed and reused many times (Rapusas and Rolle
2009). Packaging accounts for 40% of global plastic consump-
tion, which makes it by far the largest demand sector of plastic
and most of this is not recycled. In the European Union (EU)
for example less than one third of plastic packaging waste was
recycled in 2017 Jacobsen et al. 2022. Damages during trans-
port can cause substantial losses in fruits and vegetables supply
chains (Notten et al. 2022). The magnitude depends on the
type of product transported and the packaging solution, as well
as on aspects such as temperature and handling (S¢etar, Kurek,
and Gali¢ 2010). These factors, in turn, influence the shelf-life
of food resulting in more food waste, thus bringing about
economic losses and adding to environmental and climate
pressure. The decision to select a suitable packaging for fruit
and vegetables depends on technical factors, socio-economic
factors, appreciation of the exposed product to potential cus-
tomers, and sustainability factors, reducing the total use of
limited resources and to reduce the total environmental impact
(Verghese et al. 2015).

Life cycle assessment (LCA) can be applied to analyses,
exhibit, and compare the environmental performance of var-
ious product (Jaffar et al. 2024; Wang, Ting, and Zhao 2024)
including packaging, which can support decision-making.
Directive 94/62/EC of the EU on Packaging and Packaging
Waste highlighted the importance of using LCA to evaluate
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packaging in terms of circular economy and sustainability.
With the importance stated above, LCA studies of fruit and
vegetable packaging have provided information on their
impacts throughout their entire life cycle. However, so far,
LCA studies have focused on primary packaging, and the
analysis of secondary and tertiary packaging such as RPC has
not been covered adequately (Abejon et al. 2020; Harnoto
0000) the existing LCA studies on RPC are relatively few
(Bradley and Corsini 2023; Coelho, Corona, and Worrell
2020; Palsson and Olsson 2023) and many times not easy to
compare Krieg et al. 2018; Linders et al. 2023; Ingarao et al.
2017; Abejon et al. 2020. Despite comparisons between single-
use and reusable packaging in specific cases (Coelho, Corona,
and Worrell 2020; Ingrao et al. 2021; Palsson and Olsson 2023)
it is rare to compare the design and results from different
studies (Garcia-Arca, Prado-Prado, and Gonzalez-Portela
Garrido 2014). In addition, in the past decades there has
been an increase of single-use packaging (Coelho et al. 2020)
despite ambitions on higher share of recycling, reuse and
reduction of fossil resources. As an example from China, in
2016, the RPC use rate is only one-fourth compared with the
international benchmark, with an average of 0.2 crate per
capita (CCFA, LOSCAM 2016). A recent study shows that
the percentage of crate use is approximately 18% of the total
secondary packaging (CCFA 2022).

The aim of this paper is to provide a review of studies on the
LCA of RPC for fruits and vegetables under different scenarios.
The article i) presents and analyses selected LCA studies of
RPCs, ii) compares the main findings such as research designs
and parameters of different studies on environmental influ-
ence, especially carbon emissions, with a focus on fruit and
vegetables, and iii) identifies current cross-cutting studies on
RPC, including how the LCA could include food loss and
waste. Based on this, the study identifies the research progress,
summarizes the concrete setting and main parameters/vari-
ables of RPC LCA studies, and discusses possible research
directions, such as the life cycle influence of packaging in
both the economy and environment, as well as food loss and
waste issues.

2. Methods

Key elements within LCA methodology include goal and scope
definition, inventory analysis and impact assessment, as well as
life cycle interpretation (Klopffer and Grahl 2014). This study
is based on a review of literature and reports, surveys, and
comparative studies. A unit ‘per crate cycle’ carbon emission
was used for a clearer and comparative illustration of the
emission levels of packaging (Alander et al. 2016).

For the LCA of RPC, possible inputs could be the materials
for making the crate, transportation distance and vehicles,
circulation times, cleaning process, and end-of-life treatment
approaches (Tua et al. 2019). Thus, a final interpretation can
be made to assess and provide comparative data on different
products or services for their aggregated environmental impact
based on a specific functional unit. This means that LCA can
provide comparative results for single-use packaging as com-
pared to the RPC solution (Coelho, Corona, and Worrell 2020;
Ingrao et al. 2021; Palsson and Olsson 2023).

Google scholar (Google 2024) and China Academic jour-
nals (CNKI 2024) were searched to identify papers to include
in this study using terms like: ‘reusable plastic crate’ AND
‘environmental performance’ or ‘reusable plastic crate’ AND
‘life cycle assessment’. Combinations and using abbreviations
like ‘LCA’ and ‘RPC’, as well as ‘RPC’ and ‘Carbon footprint’.
With close to 100 papers identified, approximately 50 papers
were subsequently analysed to be concerned with the topic of
LCA results for RPC systems (Abejon et al. 2020; Accorsi,
Baruffaldi, and Manzini 2020; Accorsi et al. 2014, 2022;
Ahamed et al. 2021; Alander et al. 2016; Albrecht et al. 2007,
2013; Alzubi, Kassem, and Noche 2022; Bala and Fullana 2017;
Baruffaldi, Accorsi, Volpe, and Manzini 2019; Baruffaldi,
Accorsi, Volpe, Manzini, and Nilsson 2019; Battini et al.
2016; Bernstad Saraiva et al. 2016; Borghi et al. 2020; Bradley
and Corsini 2023; Castellani, Aigner, and Berglykka Aagaard
2022; Ceballos-Santos et al. 2024; Chen et al. 2020; Chow, Qin,
and Yang 2021; Chowdhury and Kabir 2023; Civancik-Uslu
et al. 2019; Corona 2024a, 2024b; Franklin Associates 2016;
Gallego-Schmid, Mendoza, and Azapagic 2019; Gardas, Raut,
and Narkhede 2019; Gasol et al. 2008; Goellner and Sparrow
2014; Greenwood et al. 2021; Grimmond and Reiner 2012;
Gruyters et al. 2019; Guo et al. 2022; Hellstrdém and Nilsson
2011; Hou et al. 2018; Ingarao et al. 2017; Jones et al. 2017;
Ketkale 2023; Ketkale and Simske 2023; Kim et al. 2023;
Koskela et al. 2014; Krieg et al. 2018; Lee and Xu 2004, 2005;
Levi et al. 2011; Linders 2023; Lo-Iacono-Ferreira et al. 2021;
Lupi et al. 2024; Mahmoudi and Parviziomran 2020; Meng
et al. 2023; Nordahl and Scown 2024; Notten et al. 2022;
Pélsson, Finnsgard, and Winstrom 2013; Plastics 2022;
Pongracz 2007; Rasines et al. 2024; Ronzoni et al. 2022;
Sazdovski et al. 2024; Silva and Molina-Besch 2023; Singh,
Chonhenchob, and Singh 2006; Singh et al. 2016; Su et al.
2020; Tan et al. 2023; Thomassen et al. 2024; Thorbecke et al.
2019; Tua et al. 2017; Yadav et al. 2024; Yi et al. 2017;
Zabaniotou and Kassidi 2003; Zavisa 2024). Among them,
papers directly aiming for RPC and LCA studies were short-
listed to be part of this review (Table 1). These shortlisted
articles were subject to a thorough analysis where special
attention was given to the LCA approach, system boundaries
set in the study, functional units, and the modules included in
the different RPC systems.

3. RPC LCA studies
3.1. Types of LCA studies

RPC normally generates less of environmental impacts as
compared to alternative single-use packaging. For example,
Levi et al. compared the emissions from a distribution
system using plastic containers and corrugated boxes for
Italian fruit distribution (Levi et al. 2011) where the asso-
ciated emissions from corrugated boxes were greater than
those from the plastic containers. One study stated that for
associated impacts on acidification, eutrophication, etc.,
single use system does not show benefits in the sensitivity
analyses as compared to single use option (Castellani,
Aigner, and Berglykka Aagaard 2022). Reduction of asso-
ciated carbon dioxide (CO,) emissions have been discussed
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Table 1. Articles and reports shortlisted for the review.

Year Reference Publisher Ref.

2006 Singh, S. et al. “1. Life Cycle Inventory and Analysis of Re-usable Plastic Containers and Packaging Technology and (Singh, Chonhenchob, and

Display-ready Corrugated Containers Used for Packaging Fresh Fruits and Vegetables”
2007 Anon “The Sustainability of Packaging Systems for Fruit and Vegetable Transport in

Europe based on Life-Cycle-Analysis”

2011 Levi, M. et al. “A Comparative Life Cycle Assessment of Disposable and Reusable

Packaging for the Distribution of Italian Fruit and Vegetables”

2012 Lo-lacono-Ferreira, V. G. et al. “Impact on carbon footprint: a life cycle assessment of
disposable versus reusable sharps containers in a large US hospita
2013 Albrecht, S. et al. “An extended life cycle analysis of packaging systems for fruit and

vegetable transport in Europe”

2014 Accorsi, R. etal. “Economicand environmental assessment of reusable plastic containers:

A food catering supply chain case study”

2014 Koskela,S. etal. “Reusable plasticcrate or recyclable cardboard box? A comparison of two

delivery systems”
2016 Jakobsson, J. A. et al. “Life cycle analysis on SRS full box”

2016 Associates, F.etal. “Comparative Life Cycle Assessment of Reusable Plastic Containers and
Display and Non-Display-Ready Corrugated Containers Used for Fresh Produce

Science
Stiftung Initiative Mehrweg

Singh 2006)
(Albrecht et al. 2007)

Packaging Technology and (Levi et al. 2011)
Science
Waste Management & Research (Grimmond and Reiner 2012)

The Int. Journal of Life Cycle
Assessment

Thelnt.Journal of Production
Economics

Journal of Cleaner Production

(Albrecht et al. 2013)
(Accorsi et al. 2014)

(Koskela et al. 2014)
Linképing University

Franklin Associates. A Division
of Eastern Research Group.

(Alander et al. 2016)
(Franklin Associates 2016)

Applications. Peer Reviewed Report 2016 Prepared for IFCO Corporation”

2016 Battini, D. et al. “Sustainable Packaging Development for Fresh Food Supply Chains”

2017 Bala, A. et al. “Comparative Assessment of Different Fruit and Vegetable Supply Optionsin

Packaging Technologyand
Science
ARECO

(Battini et al. 2016)

(Bala and Fullana 2017)

Spain through Life Cycle Assessment (LCA) (Analisis Comparado de Diferentes Opciones
de Distribucién de Frutas y Hortalizas en Espafia Mediante el Andlisis de Ciclo de Vida

(ACV)

2018 HannesK. et al. “Carbon footprint of packaging systems for fruit and vegetable transports

in Europe”
2019 Tua, C. et al. “Life cycle assessment of reusable plastic crates (RPCs)”.

2019 Baruffaldi, G. et al. “Sustainable operations in reusable food packaging networks”

2019 Thorbecke, M. et al. “Life cycle assessment of corrugated containers and reusable plastic

containers for produce transport and display”

2020 Abejon, R. et al. “When plastic packaging should be preferred: Life cycle analysis of
packages for fruit and vegetable distribution in the Spanish peninsular market”
2020 Borghi, A. D. et al. “Sustainable packaging: an evaluation of crates for food through a life

cycle approach”

2021 Lo-lacono-Ferreira, V. G. et al. “Carbon Footprint Comparative Analysis of Cardboard and
Plastic Containers Used for the International Transport of Spanish Tomatoes”
2022 Francesco Castellani, J. A. et al. “Comparative life cycle assessment (LCA) Packaging

Solutions for the Food Segment”

2022 Alzubi, E. et al. “A Comparative Life Cycle Assessment: Polystyrene or Polypropylene
Packaging Crates to Reduce Citrus Loss and Waste in Transportation?”
2022 Rethinking Plastics “Application and Promotion of Reusable Standardized Containers Pilot

Benefit Analysis Report”

2024 Lupi, G. et al. “Life Cycle Assessment of reusable plastic containers throughout the fruit

and vegetables supply chain”

2024 A Screening Life Cycle Analysis of One-Way and Reusable Crate Designs — Estimating

Environmental Impacts via LCA Software

Fraunhofer IBP (Krieg et al. 2018)

Resources (Tua et al. 2019)

Sustainable Food Supply Chains (Baruffaldi, Accorsi, Volpe,

Manzini, and Nilsson 2019)

AF&PA and FBAthrough CPA  (Thorbecke et al. 2019)

Resources, Conservation and
Recycling

The Int. Journal of Life Cycle
Assessment

Sustainability

(Abejonetal.2020)
(Borghietal.2020)

(Lo-lacono-Ferreira et al.

2021)
FEFCO (Castellani, Aigner, and
Berglykka Aagaard2022)
Sustainability (Alzubi, Kassem, and Noche
2022)

Qingdao Junshengmingshi
Logistics PackagingInstitute
IFAC-PapersOnLine

(Plastics 2022)
(Lupi et al. 2024)

California Polytechnic State
University

(Corona 2024b)

in several studies. One paper shows that the average single-
use approach emits 1,122 tons of CO, compared with 241
tons with the RPC approach over the functional unit.
Different influencing parameters have also been

explored. Levi et al. identified the importance of transporta-
tion for the associated environmental impacts as well as the
number of circulations where RPCs used for less than 20
circulations during the service life would have aggregated
carbon emissions during the life cycle dominated by the
manufacturing stage (Levi et al. 2011). Another article
shows that a minimum of three circulation of the RPCs is
required to perform better than an alternative packaging
system with single use crates of the same capacity (Tua
et al. 2019). By increasing the number of circulations for
the RPC, the contribution of the reconditioning process
increases, reaching 30-70% of the overall impacts for 125
cycles (Tua et al. 2019). Standardized packaging choices
improve supply chain performance (Hellstrdom and Nilsson
2011).

3.2. RPC comparison with other secondary packaging

Compared with corrugated board boxes, RPCs show pro-
mising features for more energy-efficient cold chains
(Gruyters et al. 2019). The use of RPCs, especially for

fresh produce (such as fruit and vegetables) for harvest,
packing, transport and storage, has been shown to reduce
damage and postharvest losses repeatedly (Kitinoja 2013).
According to Table 2, column b, different conclusions were
obtained when the RPC was compared with different types
of disposable packaging. Some studies have stated that the
RPC system is better than disposable packaging under dif-
ferent scenarios. There are studies that state that RPC
emitted less for different types of emissions compared
with disposable packaging (Abejon et al. 2020; Albrecht
et al. 2013; Borghi et al. 2020; Tua et al. 2019) with only 1-
2 exceptions for impact categories even in conservative
situations when RPC is designed with less favorable
conditions.
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Fruit/vegetable species

Other Packaging
categories studied
in the samepaper

Process modules

Functional unit

(a) (b) (c) (d) Ref
Apple, carrots, grapes, oranges, onions, Display ready Simple manufacture input, no 1,000 tons of each type of (S. P. Singh, Chonhenchob,
tomatoes, strawberries, peaches/ corrugated Distribution Center (DC), thus produce using RPCs and Singh 2006)
nectarines, tomatoes, Bell peppers Containers no relevanttransportation.
(USA) (DRC)
Fruit and vegetables Wooden boxes; Some specific inputs to Distribution of 1,000tonsof  (Albrechtetal.2007)
(Europe) Cardboard manufacture stage, no DC, fruit/vegetables
boxes and no relevant transported by plastic
transportation. crates (multiway system)
12 types of Italian fruitand vegetables (with Disposable No DCand relevant Making 100 kg of fruit and (Levi et al. 2011)
no specific categories) distributed in Italy corrugated transportation vegetables available at
boxes retail
Fruit and vegetables distributed in Europe Single-use No concrete data for The distribution of 15 kg of ~ (Albrechtetal.2013)

(Spain, Italy, France, the Netherlands, and
Germany represent five of Europe’s
largest fruit and vegetable producers.
France, Germany, the Netherlands, and
Great Britain represent a large proportion
of Europe’s consumed fruits and
vegetables)

Local fruits and vegetables distributed in
Italy

Fruits and vegetables
(Sweden)

Apples , Bell Peppers, Carrots , Grapes,
Iceberg Lettuce, Onions (Dry), Oranges,
Peaches/Nectarines , Tomatoes,
Strawberries
(North America)

Fruits and vegetables (Spain)

Fruits and vegetables
(Europe)
Fruits and vegetablesin Europe

Fruits and vegetablesin Spain

Fruits andvegetables
( Europe)

Tomato (Spain-Germany)

Vegetables
(Europe)

Fruits and vegetables in Qingdaoof China

Fruits and vegetablesin Italy

wooden boxes

A combinationof
single use
cardboard,
plastic and
wood scenario

None

Corrugated
containers

Cardboard boxes

Single-use plastic
crates

Single-use plastic
crates

Single-use
cardboard
boxes

Corrugated board;
Wood (solid,
MDF and
particle board);
Single use
plastic crate;

Cardboard boxes

Single-use
cardboard
boxes

Disposable
cardboard box;
Disposable
plastic crate;

Different sized/
weight/volume
RPC

manufactureatall,noDCand

no relevanttransportation

All process
included as in Figure 1

All process
included as in Figure 1

All process in included as in
Figure 1

All process
included as in Figure 1

All process
included as in Figure 1

Only manufacture and cleaning

relevant transportation,
agents, etc.

All process included with
detailed manufacture
process, but no clear
indication of DC nor the
transport of crate to DC

All process included, but no

clear indication of DC nor the

transport of crate to DC

All except theretailer shops

included as in Figure 1

Only manufacturemoduleis
included

All, but with multiple pooler
facilities (20)
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fruits/vegetables in
3,333,350 filled boxes/
crates

Transportation of 1,200 tons
of fruits and vegetables in
the food catering chain

A route of use for a box with
a maximum load weight of
20 kg

1,000 tons of produce
deliveredto retail stores in
North America (US or
Canada)

Transport of 1,000 tons of fruit
and vegetables in
cardboard (disposable) or
plastic (reusable) boxes

Thedistribution of 1,000 tons
of fruit and vegetables

1,200 kg (corresponding to
100 RPCs) of carrying
capacity at each circulation

The distribution of 1,000 tons
of fruits and vegetables in
RPC

1 (one)standard crate

A packaging system to
properly store and
transport 1,000 tons of
products

Thedistribution of 1,000 tons
of vegetables

Standardised Integration
Container

Food volume capacity of unit
was 1,737.60 dm3 and
1,578.96 dm?of fresh fruits
and vegetables
respectively.

(Accorsietal.2014)

(Alander et al. 2016)

(Franklin Associates 2016)

(Bala and Fullana 2017)

(Krieg et al. 2018)

(Tua et al. 2019)

(Abejon et al. 2020)

(Borghi et al. 2020)

(Lo-lacono-Ferreira et al.
2021)

(Castellani, Aigner, and
Berglykka Aagaard 2022)

(Plastics 2022)

(Lupi et al. 2024)
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Figure 1. System boundary of different modules for the LCA of RPC systems.

One study showed that at given conditions, wooden boxes
and plastic crates perform alike in the Global Warming
Potential, Acidification Potential, and Photochemical Ozone
Creation Potential categories (Levi et al. 2011) while the other
showed RPC is slightly higher in impact categories like GWP
(Singh, Chonhenchob, and Singh 2006). Some studies found
that RPC was better if the travelling distance was less than
1,200 km (Levi et al. 2011) while others found that RPC is
much better but it considers not only the circulation of one
lifetime (but also multiple lifetimes of RPC, which means one
crate can regenerate up to seven lifetimes) (Alander et al. 2016)
also there was one state that RPC was better by simply com-
paring the manufacturing stage (Plastics 2022).

In some cases, RPC crates are no longer the most efficient
solution. Although packaging reuse is generally an effective
measure for preventing waste, the picture looks much more
complex when looking at the overall environmental impacts,
and there is no unique answer (Tua et al. 2019). The European
Federation of Corrugated Board Manufacturers (FEFCO)
recently claimed that corrugated cardboard boxes were advan-
tageous over plastic-based reusable crates for vegetable packa-
ging, and that a modification of the waste hierarchy in favour
of decision-making based on LCA was needed. The conclusion
was referring to another study, indicating that the GWP of
transporting the same quantity of vegetables using RPCs is
higher than those using single use cardboard boxes. This is
primarily because this study assumes a significantly less
favourable baseline scenario compared to other studies
(Castellani, Aigner, and Berglykka Aagaard 2022). The
assumptions linked to end-of-life management, recycling
rates of materials, transport and the results from FEFCO
were discussed in another scientific research report (Albrecht
et al. 2022) which argued the importance of the life cycle
setting under which comparison is made. They pointed
towards the importance of system boundaries and emphasized
the difference between recycling and reuse, the latter of which
should still be in the higher hierarchy of the waste pyramid.
Cardboard boxes are recycled, whereas RPC boxes are reused;
therefore, RPC systems are preferred from the perspective of
the waste hierarchy. This discussion reflects potential situa-
tions when RPC systems are not favorable which can occur

when for example distribution of empty crates is long, as in the
case of international markets, single-use systems may be pre-
ferred (Notten et al. 2022). Another aspect is hygiene and the
potential risk of cross-contamination, such as Salmonella, with
RPC (Lopez-Galvez et al. 2021). The RPC requires a system for
washing and ensuring that the crates are handled according to
good hygiene protocols. Nevertheless, the potential benefits of
RPC compared to cardboard packaging will depend on the
system’s set-up, including transportation, load rates, number
of cycles for reuse, recycling of materials at end-of-life and
supporting systems such as washing and loss of crates.

3.3. Other relevant studies

Handling and transportation reduced fresh produce losses
from 6% up to 30% (Fernando 2006). The economic calcula-
tions were included in the selected studies. LCA was linked
with life cycle cost (Accorsi et al. 2014). A cost increase was
reported with the application of crate (Accorsi et al. 2014);
however, a clear cost decrease was also found (Albrecht et al.
2007). However, the formula is missing in the article; the
reports are of less referential value.

It can be seen from the selected literature that primary data
collected from these cases are rare. Most data used were
sourced from public/commercial databases, or from literature
and reports. A few exceptions are the raw materials composi-
tion data (Accorsi et al. 2014; Plastics 2022) and vehicle load
information (Alander et al. 2016; Levi et al. 2011).

Table 2 includes findings for species, geographical areas,
comparison studies, system boundaries (modules) and func-
tional unit of the studies listed in Table 1. And below section 4
and 5 will elaborate more.

It can be seen from Table 2, column a, that fruits and
vegetables are only listed clearly in the paper, while the rest
have no clear indication of species (S. P. Singh, Chonhenchob,
and Singh 2006). Geographically, it is mainly studied in
Europe (81.25%); and in most studies, RPC is compared with
different types of disposable packaging, as shown in Table 2,
column b. Based on the above table, more analysis is made
below: firstly, system boundary and functional units in the
reviewed studies are discussed, then parameters are presented
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more clearly and thoroughly, and environmental impacts are
discussed mainly based on Global Warming Potential (GWP).

Few specific fruits and vegetables have been studied linked
to the packaging and potential benefits of using RPC, and with
limited information on the connection between the products
and the crates, as shown in Table 2, column a. One aspect of
reusable crates is their potential to reduce food losses as part of
the transport, handling, and distribution of products. In the
case of vegetables and fruits that are more easily damaged
during transport, such as leaves and different types of berries
and fruits, transport and retail are a substantial share of food
losses in the supply chain (Notten et al. 2022). Data on the
potential of reducing food waste as a result of the introduction
of RPC are rare. One example is an FAO project that intro-
duced improved packaging (in the form of stackable and
nestable RPC) to transport fresh produce in traditional supply
chains in a number of Southern and Southeast Asian countries,
where the result has proven to have greatly reduced quantita-
tive losses (produce rejected at the wholesale market) and
qualitative losses (produce that is damaged and saleable but
at a lower price) (FAO 2019). These impacts on food loss and
waste compared with conventional packaging solution and
RPC are not found in any of the comparative LCA studies
identified. In 2013, Albrecht et al. emphasized the role of RPC
in reducing food loss and waste (Corona 2024a). Later, one
study directly explored RPC effects on food loss reduction
during tomato transportation. The use of plastic crates
reduced the damage to tomato transportation to a level of
4.69 10 5.24% (with a 4.92% average), thereby reducing damage
in crates by 88% (Babarinsa et al. 2018). Reducing the impact
of food product packaging, particularly regarding food waste,
is a relevant topic (Vignali 2015). Food waste alone has also
been explored quite often by LCA (Brancoli, Rousta, and
Bolton 2017) so has packaging itself (Katrin Molina-Besch,
Williams, and Williams 2019) yet the role of packaging sys-
tems to reduce food waste is rarely modelled in LCA studies
(Wikstrom et al. 2014). More indirect impacts should be
explored based on species differences, such as the effects of
life cycle on food waste.

4. System boundary and functional unit
4.1. System boundary

In the selected papers various modules were included when
presenting the LCA system boundary. A brief summary of
the different modules that could be included in the LCA of
a RPC is presented in Figure 1. There are two main busi-
ness modes for RPC systems. One is based on the self-
purchase of the RPCs, and these are then circulated in
a system managed by the organization owing the crates.
The other business model is renting or making crates
available to RPC users and an organization is administra-
tion the rotation, cleaning etc. Each of these systems can
be operated commercially. Figure 1 illustrates the different
modules that are part of the life cycle of a RPC in the two
business models in the three stages: production stage, ser-
vice stage and end of life (EOL) stage. The RPC is pro-
duced in the production stage, often with some percentage

of recycled materials from the EOL stage. In the service stage,
RPC is circulated in the supply chain and used in transport
and packaging. The last stage is EOL, which is part of the
RPC and is no longer functional in the service stage. The
Service stage is the main difference between the two business
models (in Figure 1 the upper part of Service stage is the self-
purchase model and lower part the rent model).

More detailed modules and considerations would be possi-
ble to add, such as a separate description of washing and
repairing (Tua et al. 2019) different places and stages where
crates are broken and collected, food loss and waste issues
(Alander et al. 2016) but also makes the approaches more
complex and lack of data is a challenge.

Table 2, column c, shows the system boundaries of the
selected papers:

(1) The production stage was included in all studied
papers. However, some papers have detailed informa-
tion on the amount and type of materials (Abejon et al.
2020; Accorsi et al. 2014; Alander et al. 2016; Albrecht
et al. 2007; Borghi et al. 2020; Tua et al. 2019) while
others have more vague information on this aspect. The
latter would lead to unclear mapping of the environ-
mental impacts of this stage.

At the service stage, the distribution centre (DC) and
the relevant transportation distance, which is one of the
key transferring points for food, are mentioned clearly
in a few papers (Albrecht et al. 2013,) while the rest
have no clear description, although there is one paper
stating the distribution point (Abejon et al. 2020).
Without considering DC, the environmental impacts
tend to be underestimated.

At the service stage, backward logistics are mentioned
in almost all studied papers except for two papers
(Alander et al. 2016; Plastics 2022). One paper did set
an optimized scenario in which backward logistics are
optimized (S. P. Singh, Chonhenchob, and Singh 2006)
another paper mentioned that 25% of backward vehi-
cles are for crates and the rest are empty at one fixed
distance (700 km), and concluded that backward logis-
tics have no major influence on environmental impact
(Albrecht et al. 2007). Limited scenarios and a few
discussions can lead to false or incomplete conclusions.
At the service stage, the cleaning process lacks
a detailed description, which is another unclear source
of emission. Only three papers out of 10 stated clearly
the percentage of washing, and one of them stated that
the cleaning rate is more important rather than the
types of chemicals used (Tua et al. 2019).

At the EOL stage, three approaches are mentioned:
recycling, incineration, and landfill. It could be either
one way or mixed. From 100% landfill (Accorsi et al.
2014) to 100% recycling (Abejon et al. 2020; Albrecht
et al. 2013) it was mostly marked with percentages and
methods of treatment in the studied papers. However,
only two studies have calculated the effects of waste-
water treatment on the EOL process (Albrecht et al.
2007; Borghi et al. 2020).
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4.2. Functional unit

A functional unit (FU) is a quantified description of the func-
tion of a product that serves as the reference basis for all
calculations regarding impact assessment. It may be based on
different features of the product under study, such as technical
quality, performance, aesthetics, additional services, and cost.
The definition of a FU is essential for building and modelling
a product system in LCA. As listed in Table 2, column d, the
FU for LCA studies of RPCs is categorized into tree major
options:

(1) Per crate or per crate with certain characteristics, such
as volume or size. For example, one crate of 30 litres
(Borghi et al. 2020,) Standardized Integration
Containers (Plastics 2022) or use for a box with
a maximum load weight of 20 kg’ °. Per volume of
shipped goods, such as RPC with a potential packaging
volume of 1,737.60 dm’ of fresh fruits and vegetables
(Lupi et al. 2024).

Per weight unit of shipped goods using RPC. However,
this can be further divided into three patterns:

i. Per weight unit of shipped goods with no fixed
loading capacity/size of crate. One thousand tons of
each type of produce using RPCs (Krieg et al. 2018;
S. P. Singh, Chonhenchob, and Singh 2006) followed by
a series of random sizes with a corresponding loading
weight of food per fruit and vegetable type, based on
which the circulation time was calculated for each case;

ii. Per weight unit of shipped goods with fixed load-
ing capacity/size of crate, and not fixed circulation
times (many circulation times), such as per 100 kg of
fruit being shipped using crates with circulation time
from 1-4007 first (and then fixed to 200), 1,200 kg (100
RPCs) of carrying capacity at each delivery with circu-
lation from 1-125° !, and transportation of 1 ton fruits
or vegetables with 70% loading capacity (Castellani,
Aigner, and Berglykka Aagaard 2022).

iii. Per weight unit of shipped goods with a fixed
loading capacity/size of crate and fixed circulation
times (only 2-3 scenarios), such as the distribution of
1,000 tons of fruits and vegetables in plastic crates
(Abejon et al. 2020; Albrecht et al. 2007), distribution
of 15 kg of fruits/vegetables in 3,333,350 filled boxes/
crates (Albrecht et al. 2013) or transportation of 1,200
tons of fruits and vegetables throughout the food cater-
ing chain (Albrecht et al. 2013).

2

Option 1 focuses only on the RPC product itself, which cannot
be shown when the RPC functions as a container shipping
good and is being used. This will be more suitable for packa-
ging manufacturing process evaluation and will be good for
packaging design support. For option 2, it is the function unit
of packaging considering the use, but clearly, option 2i. is only
for comparing unstandardized situations in one case. It would
not be possible to compare and identify influencing factors
over RPC, but more a general comparison of the effects of
transporting different fruits and vegetables under given yet

unstandardized conditions. Option 2ii. and 2iii. are more
comparable and standardized, although 2ii. is similar to 2iii,
only with more scenarios in terms of circulation time. The 2ii
cases are good for exploring circulation time effects. However,
with a more fixed circulation time (or other parameters), it is
possible to explore other parameters more accurately.
Otherwise, it would have too many variables, be too hard,
and be less meaningful. One case is of particular interest, as
it stated that 100 kg of fruits and vegetables are available at
large-scale retail outlets. This incorporates the meaning of
either more fruit and vegetables needed at the beginning or 0%
food loss and waste along the supply chain (Levi et al. 2011).

FUs can be defined differently depending on the purpose of
the study. The more fixed the values with clear descriptions,
the easier it is for the reader to consider the comparability and
meaning behind the data. The accuracy of the parameters
influencing the discussion also increases with more fixed
values.

5. Parameters and impact

The different parameters of the LCA study and scope are
important, because these can lead to different conclusions
with similar processes. In the case of packaging, the results of
the comparison are strongly affected by different parameters,
such as package weight, manufacturing material, and the dis-
posal treatment, while in terms of reusable packaging the
number of RPC, and the involved transport distances, the
rotation times and wash frequency will affect the total aggre-
gated environmental impact. Within the three stages of the full
life cycle of the RPC, different parameters affected the aggre-
gated result of the LCA. Figure 2 provides a simplified flow-
chart of the different parameters at each stage through the
reviewed. Transportation is an integrated part of all three
stages and is in-between; thus, it is marked above all three
stages in Figure 2. The parameters are interrelated, but their
relationship is yet to be explored. One study stated that the
turning point was 1,200 km and the number of circulations of
the RPC was 200, which is probably because the transport and
other associated emissions started dominating over the man-
ufacturing and EOL emissions (Levi et al. 2011).

5.1. Most explored parameters

From production stage, two parameters, material use and
packaging size, are explored with different approaches. It is
key to the product life cycle (Abejon et al. 2020) and also
studied a lot (second most studied parameters) as shown in
Figure 3. Secondary granulation/recycling material is impor-
tant for the manufacturing of crates, and its impacts are
reduced with more secondary granulates (Abejon et al. 2020;
Albrecht et al. 2007, 2013; Lupi et al. 2024).

At the service stage, even more influencing parameters are
explored. The most explored variable is the circulation rate. In
Figure 3 it is observed that the parameter circulation (or in
some papers referred to as ‘reuse times’, or ‘rotation times’) is
set as a variable in 80% of the selected papers. One study
collected a rotation market baseline from different enterprises,
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Production stage
Raw materials used
(virgin, scrape, and/or
secondary granulate);
Auxiliary materials and
agents; Packagings to
the product; Energy;
Water and other
resources

time (rate);

Figure 2. The parameter lists in different stages of RPC lifecycle.
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Materials
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Transportation;
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different sections);
Backward logistics;
Rotation (circulation)

End of life Stage
Ways and percentage of
treating the scrapped
RPC, such as Landfilling,
Incineration, Recycling

Studied parameters in selected references

Figure 3. The most explored parameters (as variables or in sensitivity study).

and then decrease the number of circulations during the ser-
vice life as a conservative scenario to explore influence (S.
P. Singh, Chonhenchob, and Singh 2006) some studies focus
on specific given rotation times like 30, 50, 70 or 100 times
during the service life (Abejon et al. 2020; Albrecht et al. 2007,
2013); while some explore a wider trend covering a range of
circulations of the PRC during the life cycle, for example 1—
125 rotations (Tua et al. 2019) or 1-400 rotations (Levi et al.
2011). The conclusion from the study is that: circulation time
is really important (Albrecht et al. 2007; Borghi et al. 2020;
S. P. Singh, Chonhenchob, and Singh 2006); more circulation
time results in less environmental emissions (Abejon et al.
2020; Albrecht et al. 2007, 2013); circulation more than certain
times would make RPC environmentally more favorable than
disposable packaging, but the turning point is unclear, except
one paper which says that already after three circulation the
RPC will show better environmental performance than the
alternative (Tua et al. 2019); the circulation time has a major
impact on the environment impacts going from 1 to 10 num-
ber of circulations during the life cycle, while from 10 to 20
time the impact reduction is less and decreasing further for
systems with 20 to 50 circulation times. RPC systems with 50
or more cycles will show a levelling out of the impact change,
which shows asymptotic behavior (Levi et al. 2011). Service
life and the number of circulations are somewhat connected
where studies have observed that with longer service life there

are also observations of improved environmental performance
(Albrecht et al. 2007, 2013).

The loss and damage rates of the crate were also discussed
in six of the shortlisted references. One study stated that the
RPC loss rate increase had only a minor impact of the final
results (S. P. Singh, Chonhenchob, and Singh 2006) the calcu-
lation was made when circulation time and backward logistics
information all changed, and the results were not reflective of
loss and damage rate alone. Moreover, although two references
state that the breakage/loss rate has only a minor impact on the
overall associated impacts but one confirmed that reducing the
loss rate can reduce the GWP of RPC (Castellani, Aigner, and
Berglykka Aagaard 2022).

Transportation is considered important for the RPC aggre-
gated environmental impacts (Gardas, Raut, and Narkhede
2019; Levi et al. 2011). The distance has a linear relationship
with GWP emissions (Gardas, Raut, and Narkhede 2019).
With a 5% distance increase, GWP would increase 2% for
RPC (Borghi et al. 2020) another study also demonstrates
that changes in transport distance have less effect on the
GWP than other variables (Castellani, Aigner, and Berglykka
Aagaard 2022). Backward logistics have also been looked into,
and some papers stated that it does not have major environ-
mental impacts (Abejon et al. 2020; Albrecht et al. 2007) while
others stated its importance and set it as variable (S. P. Singh,
Chonhenchob, and Singh 2006).
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The washing process is another parameter that was dis-
cussed in the shortlisted papers and set as a variable to

evaluate its influence on the overall LCA associated impacts.

One paper stated that the energy consumption of the
washing of the RPC contributed to the impacts of the service
stage (S. P. Singh, Chonhenchob, and Singh 2006). Another
article considered that the washing accounts for a large
proportion of GWP (29%), which was more than the RPC
manufacture (21%) stage. However, reductions in energy,
water and detergent consumption would not significantly
reduce the GWP of the cleaning process, as the most
dominating factor is the rate of cleaning (Castellani, Aigner,
and Berglykka Aagaard 2022). Another study tested the
cleaning rate influence as from 25% of cleaning rate to 1%,
GWP emission reduction was 4%, while increasing cleaning
rate from 25% to 100%, the GWP emission increase was
less than 11% (Levi et al. 2011). However, contradictory
results were reported by another paper, which found that
chemicals do not have much impact, but the cleaning rate
is influencing, especially when the circulation time is higher.
The impact of cleaning is mainly from transportation and
energy use; thus, renewable energy use can reduce the impact
of this stage (Tua et al. 2019). This is verified by another
study, which claimed that its cleaning process would not
contribute to GWP emissions, probably due to the
application of renewable energy (Alander et al. 2016).

The EOL stage was also explored (Borghi et al. 2020). One
study stated recycle time, which means not only one life time
of crate but multiple, which is quite unique (Alander et al.
2016). At the same time, the way in which the credits of post-
waste RPC material recycling and energy recovery are allo-
cated will also have an impact on total GWP impacts. For some
of the studies, the allocation of environmental benefits of
material recycles and energy recovery from disposal RPC will
lead to an extremely high GWP impacts. Some of the allocation
methods will lead to this, which are considered as unreason-
able allocation methods (Castellani, Aigner, and Berglykka
Aagaard 2022).

5.2. Parameter values range

The production and service stages (especially transportation)
are the two major influencing stages (Abejon et al. 2020;
Alander et al. 2016). Therefore, the identification of the main
parameters and their value ranges are of referential value to
future studies to provide clear settings and better comparison.
Parameters that are less changing or fixed in one paper are
categorized below:

(1) Crate production in the Production stage, including
information related to different types of materials and
processes for production, and the characteristics of one
crate, such as its size and weight.

(2) Transportation at the Service stage, including distance,
vehicle type, load ratios etc.

Figure 4 shows the parameter variation settings from differ-
ent studies on the crate life cycle from manufacturing to
transportation in distribution, use, and end of life. In selected
studies, the crate weight is from 1.49 kg to 2.00 kg, and the
size varies. Most common ones are 600 mm x 400 mm and
400 mm x 300 mm’'. The weight capacity of food is 12 kg to
20 kg, the most common of which is 15 kg. RPC are typically
manufactured from plastics such as polypropylene (PP)
(Albrecht et al. 2013; Levi et al. 2011; Plastics 2022; Singh,
Chonhenchob, and Singh 2006) polyethylene (PE) (Singh,
Chonhenchob, and Singh 2006) and high density polyethy-
lene (HDPE) (Borghi et al. 2020). Many RPC systems use
recycled granulates for crate production in the production
stage (Albrecht et al. 2013; Borghi et al. 2020; Singh,
Chonhenchob, and Singh 2006; Tua et al. 2019) although
the percentage of recycled materials varies. RPC will use
pallets on some occasions, which would help more efficient
transportation. Other aspects of crate production also need to
be considered in the manufacturing stage, such as packaging
for the crate, jumpers, and chemicals such as absorbers and
antioxidants (Alander et al. 2016; Singh, Chonhenchob, and
Singh 2006; Tua et al. 2019).

CRATE parameters

Raw materials composition: PP, PE (HDPE) or
mixed virgin materials, recycled granulates,
production residues.

Production process: crude oil cracking naphta
or gas oil in a steam cracker, and then injected in
molding process

Other affiliated parts of the crate production:
crate packaging, jumper, chemical use

Weight: 1.49-2.00 kg

Size: varies, many are 600x400 mm or 400x300
mm

Capacity: 12-20 kg, many are 15 kg
Other aspects such as pallet weight (12 kg)

VEHICLE parameters

Type and load: 14 ton truck, 16-32 ton truck, 17.8-
19.8 ton truck, 40 ton truck, barge, light duty
vehicle

Emission standard: Euro 3 to Euro 6

Load ratio: 85%-100%, for empty crates 25%-
35%

No. of creates and pallets: 33 pallets/truck, 36-40
crates/pallet or 213 folded crates/pallet

DISTANCE parameters
Production stage: 257-1,000 km

Between crate manufacturer to first stop user
(farm, supplier or DC of a retailer brand): 139-
800 km

Between farm and DC: 100-500 km

Between DC and retailer/wholesale: 100-500 km
Distance to washing/reconditioning: 35-200 km
Distance to EOL treatment: 100-650 km

Figure 4. Parameter variations in the different studies.
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The vehicles used for transport also vary and include
aspects of load capacity, emission standard of engine and fuel
type, load ratios, and the type of vehicles that can vary in
different stages. The truck types found in the studies load
different barges and light trucks, such as the 14-ton truck, 16-
ton-32-ton truck, 17.8 ton-19.8 ton truck, and 40-ton truck.
The emission standards of the vehicles varied to include Euro 3
to Euro 6 standards. The average load ratio of the trucks was
85%-100%. Transporting empty RPC (the trip back to the DC
or place where RPC is packed with vegetables or fruits) loads
25% to 53%. In one study, it was mentioned that transporting
3,320,000 empty crates required 473 trucks, which means every
truck can carry approximately 7,000 empty crates (Singh,
Chonhenchob, and Singh 2006). Additional information on
pallets included 33 pallets per truck, 36—40 crate per pallet
when transporting fruits or vegetables, and 213 folded empty
crates per pallet (Jones et al. 2017).

In the RPC system, transportation fills the role of circulat-
ing the RPC in the system from the manufacturing of the RPC,
distribution, use and EOL phases. Transport distances differ
depending on which part of the system is used and from the
RPC system to the RPC system. The transportation route
includes the manufacturing stage, between the crate manufac-
turer and first stop user (either farmland, supplier, or DC of
a retailer branding), between farmland and DC, between DC
and retailers/wholesale, distance to washing/reconditioning
places, and distance to end of life treatment, the results from
the reviewed studies showed that the distance ranged from
257-1,000 km, 139-800 km, 100-500 km, 100-500km,
35-200 km and 100-650 km.

EOL stage data is mainly concerned with percentage of EOL
treatment, including but not limited to incineration, landfill,
and recycling. The ranges here were from 0-100%.

5.3. Impacts

The general influences of all types of impacts include resource
depletion, ecological impacts, and human health (Deng and
Wang 2003). Taking ecological impacts as an example, it is
composed of climate change, acidification, ozone depletion,

Table 3. Carbon emission per cycle of crate in different studies.

photochemical ozone creation potential (POCP) and eutrophi-
cation. Some impacts are input-related, some output-related or
toxicity-related (Klopffer and Grahl 2014). This study reviewed
the impact categories found in the selected paper. All the short-
listed papers explored the GWP, while acidification and eutro-
phication, as well as photochemical ozone formation effects,
were included in 80% of papers. There has some results on
impact categories for toxicity (Borghi et al. 2020; Tua et al.
2019) solid waste (Singh, Chonhenchob, and Singh 2006) and
air pollution (Alander et al. 2016). Energy demand (Alander
etal. 2016; Albrecht et al. 2013; Levi et al. 2011; Plastics 2022;
Singh, Chonhenchob, and Singh 2006) and water demand
(Plastics 2022) has also been included in the LCA.

In comparing RPC systems with other packaging systems using
other packaging materials, the RPC systems will often show better
a better environmental profile. Taking a deeper look at the differ-
ent studies, one can see that some studies clearly state that carbon
incorporated during the growth of wood is considered a net GWP
intake in the production phase. Combined with the CO, emis-
sions from the EOL stage, the balance for biogenic carbon intake
and emissions has been made (Albrecht et al. 2013). In some
articles, the results of associated biogenic carbon emission by the
end are presented (Alander et al. 2016). RPC with less favorable
environmental performance might be due to biogenic carbon
emission in the end of bio-based packaging, such as cardboard
box, is not balanced in the LCA.

5.3.1. Example: circulation time influence on associated
carbon emissions per cycle of RPC during service life
Owning to the different settings and data scale within different
studies, to make the impact level more comparable, this paper
comes up with an equation in which carbon emissions in
different papers are all converted to g carbon dioxide emission
equivalent/per crate for each cycle during its service life (equa-
tion 1):

CE,, = TCE/(A x B) (1)
Where:
CEcq = Carbon dioxide emission per cycle (g COxq/crate,

cycle)

Reuse cycles during Washing

service life of crate CEeq condition EOL Emission distribution Ref
20 i 238.6 100% washing Recycle and landfill and No use stage, only washing. This is not (Tua etal. 2019)
incineration representative value
24 oo 502.9 100%washing  58.2% incineration, 41.8% 34.4% at manufacture and 28.5% at end of life  (Castellani, Aigner, and
of crate recycle (without consider the credit) Berglykka Aagaard 2022)
30 i 628.3 100%washing  100% incineration 36% at manufacture, and 33.4% at (Accorsi et al. 2014)
of crate transportation
50 356.5 N/A N/A (Albrecht et al. 2013)
50 i 300.0 97.6% 7% incineration, 93% (Borghi et al. 2020)
washing recycling: Arena (2003)
50 i 217.5 100%washing  77.5% incineration, 22.5% 36% at manufacture, 75% at service life (Krieg et al. 2018)
of crate recycle (without consider the credit)
70 269.0 50% Washing 25% incineration, 25% 72.8% at transportation (Accorsi et al. 2014)
landfill, 50% recycle
100 250.0 N/A With cleaning 80.6% at service stage (Bala and Fullana 2017)
100 162.7 Washing 100% recycle Use stage (Alander et al. 2016)
100 124 100% washing 100% recycle 70.31% at service stage (Harnoto 0000)
125 s 104.2 100% washing Recycle and landfill and (Tua etal. 2019)
incineration
150 130.1 100% washing 100% recycle (Abejon et al. 2020)
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Figure 5. GHG emissions and number of cycles per RPC service life.

TCE = Total carbon dioxide emissions in system (g CO2cq)

A = Number of the crates in system

B = Reuse cycles during the service life of the RPC

Table 3 provides a summary of the inputs for calculating
a comparative value for the emissions per cycle of RPC in the
different reviewed articles.

Several observations were made in this study. First, the
result is between 104.2-628.3 g COxq per crate cycle; second,
the general trend is that more circulation, less emission per
cycle; third, it shows that after 50 cycles, the increase in reuse
times has lower reduction trend on emissions, and it becomes
even less after 100 cycles, as stated in previous sections.
Figure 5 shows a diagram of the emissions per cycle and the
number of cycles considered in the respective RPC system
presented in Table 3. However, with different circulation
time, one paper with higher circulation time may result in
higher emission, probably due to the included modules are
not the same; fourth, modules and module design differ at the
same circulation times, the impact of different articles differ up
to 64%, and it shows the influence from different settings.
Clearer setting is needed, even though changes in the system
conditions and hypotheses (such as the different geographical
coverage, the weights of products, the transportation distances,
the actual recycling infrastructures, and the rate of misman-
aged waste or any other country-specific condition) would still
affect the results considerably.

5.3.2. Broader impacts

Though this paper focuses on the different aspects of RPC
application on fruit and vegetables, it gathers the applica-
tion of RPC on other types of food, and even non-food
industries. One study showed that reusable packaging sys-
tems commonly used in the automotive industry are not
always preferable in terms of sustainability, e.g. associated
carbon emissions throughout the life cycle of different
types of packaging (Palsson, Finnsgard, and Wainstrom
2013).

85U 100 120 140 160

s during RPC service life

But generally speaking, RPC can reduce impacts substan-
tially. Some studies state roughly a 75% reduction in favour of
the RPC in CO, emissions between the two packaging solu-
tions (Goellner and Sparrow 2014). For instance, for each
round trip within Sweden, the CO, savings are 219 grams
per box and cycle of use (Alander et al. 2016). But not only
GWP impacts, RPC reduced atmospheric pollution due to
combustion and also has made a 50% decline in landfilling
over this period (Koskela et al. 2014). Similar differences
existed in other impact categories, as one study shows reusable
approach has 60% less acidification potential, 65% less eutro-
phication potential, 85% less photochemical ozone potential,
85% less human toxicity potential, and 95% less postconsumer
waste as compared to a single use alternative (Goellner and
Sparrow 2014). Generally speaking, RPC can be beneficial in
broader impacts.

6. Conclusion

This paper reviews a selection of scientific studies on LCA for
RPC and provides an overview of the LCA settings and the
results of studies focusing on fruit and vegetable packaging.
The research trend, LCA setting including system boundary,
functional unit, variables, and parameters value ranges are
presented, following the three major stages of RPC: produc-
tion, service and EOL. RPC shows more environmentally
favorable results in most studies as compared with single use
alternative packaging. RPC provides safe secondary and
tertiary packaging for vegetables and fruits, which could lead
to less food loss and waste. The scale of the impacts of climate
change is provided using emission per cycle of crate, which can
be served as reference values for future studies.

It is interesting to observe that the studied papers did not
consider the dynamics during the circulation, so the total number
of crates calculated in the LCA merely consists of basic numbers
needed for shipping the amount of fruit and vegetables, some
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adding breakage/loss rate, but none consider the rotation delay in
the dynamic flow, which may create a substantially lower result of
carbon emissions during the crate production stage. One of the
challenges is to have real cases and input data for the RPC and
comparative single use packaging solutions. In the reviewed
studies many of the input parameters are based on assumptions
and default values, while certain parts are linked to specific RPC
systems. Nevertheless, the results from this review clearly show
that well designed RPC systems will most possibly have a strong
environmental profile as compared to a single use packaging
solution.

The review make suggestions for further studies in the field
of LCA and RPC: i) More clear setting can be applied in the
future LCA; ii) The efficiency of logistics during the service life
of RPC should be taken into consideration when setting the
number of crates in the RPC system; iii) Pilot application and
real cases as basis for LCA are needed and cases from other
geographic regions would support the field; iv) cross-cutting
studies where LCA and food loss, and waste issues, are con-
sidered in the LCA would further strengthen the presentation.
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Abstract

This review comprehensively evaluates research on the lifecycle cost
analysis (LCCA) of reusable packaging systems in the retail sectors of fruits and
vegetables, automotive parts, etc. It categorizes researchers by product types
and thoroughly analyzed the various models used by these studies to conduct
LCCA of reusable packaging. This article provided extensive analyses of cost
categorization frameworks, covering raw materials, transportation, maintenance,
and end-of-life expenses, thereby providing profound insights into the economic
and sustainability benefits of packaging logistics. Key findings indicate that, with
effective logistics management, reusable packaging typically achieves significant
long-term cost savings. The review also points out that future research should
focus on the economic benefits of different types of reusable packaging,
examining the impacts of reverse logistics management and packaging design on
costs, and the development of more precise LCCA models. Such research will
provide effective decision-making support for businesses promoting the
transition of supply chains towards sustainable development.
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1 Introduction
As one of the largest sectors of the global economy][1], the retail industry spans a com-prehensive
distribution chain of goods and services, from production to final consumption, and holds a crucial and
unique role in national economies. As Sustainable Development Goals (SDGs) advance, the retail sector,
serving as a key bridge between producers and consumers, has become essential in promoting sustainable
production, encouraging green consumption, and driving low-carbon development across the entire supply
chain[2]. In this context, retailers are challenged to balance economic profitability with reducing
operational costs, minimizing environmental impact, and meeting increasingly stringent sustainability
standards[3].

Within this extensive and complex distribution chain, packaging and logistics are not only vital for
ensuring the smooth flow of products from production to consumers but also key factors influencing a
company’s eco nomic performance, environmental impact, and market competitiveness. Reusable
packaging solutions, such as reusable plastic crates (PRCs), play a particularly important role in logistics[4].
These PRCs can reduce the use of single use packaging materials, thereby minimizing resource waste and
lowering packaging costs[5]. Their standardized design allows for strong stacking capabilities and
durability, optimizing storage space, enhancing transportation efficiency, and reducing shipment frequency,
which in turn significantly lowers logistics costs and positively impacts a company’s sustainability
efforts[6]. Moreover, the durability and reusability of turnover crates make them more cost-effective over
their lifecycle compared to single-use packaging[7]. By adopting more sustainable packaging and logistics
strategies, retail companies can not only reduce their environmental impact but also improve overall supply
chain efficiency[8-10]. Life Cycle Cost Analysis (LCCA) serves as a comprehensive tool to help the retail
industry assess the costs and benefits of packaging solutions like turnover crates throughout their entire
lifecycle, enabling the optimization of packaging logistics strategies and the achievement of sustainability
goals.

The purpose of this study is to review the existing research on the LCCA of RPCs in the retail industry,
categorizing and summarizing the relevant literature. By identifying key findings, uncovering existing
research gaps, and proposing future research directions, this review aims to provide valuable insights for
both academic researchers and industry practitioners.

2 LCCA
Life Cycle Cost Analysis (LCCA) is an economic evaluation tool used to quantify all costs associated with

a project or product over its entire life cycle, from planning, de- sign, and construction to operation,
maintenance, updating, and eventual decommissioning[11-13]. The definition of Life Cycle Costing (LCC)
that is widely recognized internationally comes from the National Institute of Standards and Technology
(NIST)[14]. According to this definition, LCC represents the total sum of all relevant economic costs
throughout the life cycle of a product or system. This includes the initial purchase cost, operational and
maintenance costs, and the residual or salvage value at the end of the product’s life[15-17]. The LCC
calculation typically considers the time value of money, discounting all future costs and revenues to the
present to facilitate accurate economic comparisons and decision-making[18].

Life cycle costs can be categorized in various ways depending on the perspective and classification
method. From the perspective of cost ownership, LCC can be divided into external and internal costs[19,
20]. When considering the source of costs, LCC can include manufacturer costs, user costs, and societal
costs[21]. Manufacturer costs include expenses related to research and development, production, and
marketing of new products. User costs cover expenses from the product’s use until its final disposal. So-
cietal costs involve costs borne by society throughout the product’s lifecycle, including environmental
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management and pollution control[22, 23].

According to ISO 56868, the LCC analysis method can forecast initial and future operational costs
over a specified period and provide a comprehensive analysis of eco- nomic cost-benefit trends[24]. It
enables the comparison of multiple solutions to determine the most effective one. Moreover, LCCA
highlights the importance of sustainability and environmental impact, as environmentally friendly designs
can reduce energy consumption and emissions over the product’s lifecycle, thereby lowering long- term
costs. By using LCCA, decision-makers can gain a better understanding of the long-term economic and
environmental impacts of different options and translate these effects into monetary terms, leading to more
informed and responsible decisions[25].

3 LCCA of reusable packaging

Research on Life Cycle Cost Analysis (LCCA) began as early as 1979[25], but studies specifically focusing
on packaging LCCA remain limited. We have searched and categorized the relevant research into four main
areas based on application: general studying, fruit and vegetable packaging, automotive parts packaging,
and other categories. A summary of these studies is presented in Table 1.

Table 1. Focus of articles in the literature review.

Packaging System References
Generic Containers [26]
Reusable containers for vegetables and fruits. [4,27-31]
Reusable containers for automotive parts [32-36]
Others

Sustainable packaging system for a regional pork [37]

meat company

Reusable containers for LCD panel [38]
Bucket for cut flowers [39]
Reusable containers for luxury goods [40]

Through a comparative analysis of the packaging LCC structures across studies above, it is found that,
although definitions of packaging cost components may vary, purchase costs, transportation costs,
management costs (cleaning or handling), and end- of-life disposal costs are consistently included (Table 2).
In most cases, reusable packaging is cheaper than single-use packaging, with production costs,
transportation costs, and the number of reuse cycles being the primary influencing factors.

Table 2. Summary Table of Cost Structures and Key Findings for Various Packaging Systems

References Cost structure Key finding
[26] 1.Material Cost An idea on how to calculate the costs has been
2.Production  Cost given in this study.
3.Transport  Cost
4.Storage Cost
5.Cost for Buildings
6.Handling Cost
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Key finding

References Cost structure
7.Cost for Losses, Redelivery,
Repair, Etc.
8.Disposal/Recycling Cost
9.Cleaning Cost
10.Capital Lockup Cost

[27] 1.Production Cost
2. Transport Cost
3.Cleaning Cost

4.Disposal/Recycling Cost
5.0ther Cost

) 1. Purchasing Costs
2.Transport Cost
3.Labor/Handling Costs
4.Management Costs
5.0ther Costs
6. Earnings

[28] .. 1.Production Cost
2.Disposal/Recycling Cost
3.Transport Cost
4.Cleaning Cost
5. Handling Costs

[29] / Compared to road transport, shipping by

[30] 1.Material Cost
2.Transport Cost
3.Storage Cost
4.Cleaning Cost

[31] 1.Purchase Cost
2.Transport Cost
3.Handling Cost
4.Disposal Cost
Depreciation Cost

[B7] e 1. Container Cost
2.Transport Cost
3.Handling Cost
4.Cleaning Cost
5.Assembling Cost
6.Maintenance Cost

The re-usable system has economic ad-
vantages over the single-use systems. The
number of circulations is the main cost
driver.

The total cost of reusable plastic containers
is higher compared to disposable packaging
due to higher transport and maintenance
costs.

Fiberboard boxes with removable plastic
films are consistently found to be the best
choice, reducing manufacturing costs and
environmental impact.

sea results in an 11.7% reduction in total
transport costs.

A linear programming model is constructed
to minimize the costs of the packaging
pooling service while meeting the demands
and service requirements of food suppliers
and retailers.

A multi-objective optimization model was
proposed to simultaneously evaluate the
economic and environmental impacts of
RPC. The study results indicate that alt-
hough RPC may have higher initial costs,
they can achieve economic benefits in the
long term by reducing waste and lowering
disposal costs.

By designing a more sustainable model for
box allocation, both the economic and envi-
ronmental impacts associated with the
packaging strategy can be reduced.
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References

Cost structure

Key finding

[32]

[33]

[39]

[40]

1.Initial Purchase Expense
2 Return Sorting Cost
3.Return Transport Cost
4.Cost Cleaning Cost
5.Tracking Cost
6.Replacement Cost

7. Disposal Cost

8. Damage Reduction

9. Expendable Package Savings
1.Container Cost

2. Transport Cost

3.Labor Cost
4.Disposal/Recycling Cost

1.Production Cost
2.Transport Cost
3.Handling Cost
4. Waste Cost

5.Administration Cost

1. Holding costs
2.Transport Cost

1.Container Cost

2. Importer Inland

3.0cean Freight Cost,

4.Exporter Inland Cost

5. Packaging Cleaning and Re-
pairing Cost

6.Depreciation Cost.

1.Material Cost

2. Shipping Cost

3. Recycling Cost

1.Investment Costs
2.Administration Costs
3. Logistical Costs

4. Disposal Costs
1.Investment Costs
2.Transport Cost

Returnable logistical packaging systems
can offer significant financial and environ-
mental benefits compared to traditional ex-
pendable packaging systems.

The container cost ratio is the most im-
portant driver of cost differences between
reusable containers and expendable con-
tainers, followed by average daily volume.
One-way packaging resulted in fewer eco-
nomic and environmental impacts. The
transport distance and packaging fill rate
were the key factors influencing the eco-
nomic costs and environmental impact of
packaging

Shared mode has lower transportation vol-
ume, lower pipeline inventory, and lower
safety inventory, which means shared mode
has a lower total cost compared with dedi-
cated mode.

The multi-trip reverse logistics ar-
rangement was most operationally and
environmentally viable, with the larg-
est total packaging cost reduction and
packaging waste reduction of 61% and
68%, relative to the disposable packag-
ing.

The total cost of the green logistics
mode with reusable boxes is always
lower than that of the traditional logis-
tics mode with single-use boxes. And
the material cost of reusable boxes is
the most influential sector of the total
cost.

The use of a reusable system, which en-
sures production with less waste and
fewer environmental pressures, is also
economically advantageous

The use of reusable containers is not al-
ways less expensive than the current
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References Cost structure Key finding
operation with cardboard ones, due to
the high transportation costs imposed
by the company.

a) LCCA of reusable packaging
In 1996, Martin Dubiel[26] identified a major reason why many companies were unaware of packaging

costs and their economic significance: the challenge of accurately calculating these costs. He has studied
the costing structure of reusable packaging system, categorizing packaging costs into 10 distinct categories:
material cost, production cost, transport cost, storage cost, cost for buildings, handling cost, cost for losses
and repair, disposal/recycling cost, cleaning cost and capital lockup cost. In addition, he compared the cost
structures of one-way and reusable packaging, highlighting that re- cycling and waste disposal costs are
predominantly incurred with one-way packaging. Dubiel emphasized the need to analyze packaging costs
according to specific industry types. His study included a table to assist companies in calculating packaging
system costs. The table consisted of 3 parts: (1) system parameters, (2) calculation of cost categories, and (3)
cost comparisons. He called for manufacturers and consumers in the same type of industry to create a
practical reusable system offering economic and eco- logical advantages to all participants. Dubiel’s
research not only provided a framework for cost analysis but also laid the groundwork for a paradigm shift
towards more sustainable packaging solutions, highlighting the potential for long-term savings and
environmental conservation.

b) LCCA of reusable packaging for vegetables and fruits
Reusable packaging systems for fruits and vegetables have been studied by research, with multiple

methodologies applied to assess their economic and environmental impacts.

In 2013, life cycle analysis (LCA), LCC and Life Cycle Working Environment (LCWE)
methodologies were used by Stefan Albrecht etal.[27] to assess and compare the environmental, economic,
and social impacts of the most common fruit and vegetable transport packaging systems in Europe. These
include single-use wooden and cardboard boxes as well as RPC. They categorized the costs of these
packaging systems into five components: production cost, transport cost, cleaning cost, disposal/recycling
cost, other cost. The largest portion of the LCC of wooden boxes and cardboard boxes occurs at the
production stage. For RPC, the number of circulations is the main cost driver. Total costs decrease as the
number of circulations increases. The result showed that the re-usable system is the most cost effective over
its entire life cycle.

In 2014 Accorsi et al. [4] conducted an economic and environmental assessment of RPC used in the
food supply chain, focusing on the transport of fresh fruits and vegetables from suppliers to final customers.
They investigated various factors such as the lifespan of RPCs, washing rates, and waste disposal
treatments, examining their impact on environmental and economic costs. The study found that, in their
modeled scenario, the LCC of RPCs was higher compared to disposable packages with equivalent
functionality. This was mainly due to the high maintenance cost and transport cost of reus- able plastic
container.

Daria Battini et al.' s analysis[28] further enriches this discussion by comparing corrugated fiberboard
boxes with RPCs. An analytic model was developed to estimate the total cost of each packaging system.
The study assessed the impact of three main processes—manufacturing (including disposal), transportation,
and washing—on the total cost. It found that the primary cost for fiberboard boxes was associated with the
pro- duction process. For RPCs, transportation and washing costs became more significant as the number of
uses per container increased. The study proposed two packaging solutions: fiberboard boxes with
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removable plastic films and RPCs with a corrugated fiberboard bottom. The comparison revealed that
fiberboard boxes with removable plastic films were the most cost-effective option, with lower
manufacturing costs and environmental impact.

Giulia Baruffaldi et al.[29] presents a methodology and a decision-support tool for quantifying the
logistic and environmental impacts associated with packaging distribution in a closed-loop network among
growers. Their analysis of reusable packaging for vegetables and fruits under different logistics scenarios
showed that sea transport reduces total transportation costs by 11.7% compared to road transport. This
study highlights the critical role of logistics management in the sustainability of packaging systems.

In the food industry, Accorsi Riccardo et al.[30] developed a linear programming model for reusable
packaging to minimize the costs for packaging pool managers. The model included material costs, cleaning
costs, storage costs, and transport costs, and included sensitivity analyses to assess how these factors
influence the overall cost. In the study by Michele Ronzoni et al.[31], the use of RPCs in the Italian food
catering supply chain was investigated. By employing a multi-objective optimization model, the study
considers factors such as transportation, handling, procurement, and disposal costs, exploring the trade-offs
between economic convenience and minimizing environmental impact. Through Pareto front analysis, the
research reveals strategies for reducing environmental impacts across different scenarios. The results
indicate that although the initial investment in RPCs may be higher, sustainable operational models can
yield economic benefits in the long run by reducing waste and lowering disposal costs. These findings
provide decision-makers with valuable insights to find the optimal balance between economic and
environmental goals, thereby promoting the sustainable development of the food supply chain.

Gonzalez-Boubeta, Ivan et al.[37] studied the sustainable packaging system for a regional pork meat
company, evaluating the total costs of three packaging types: purchased returnable plastic boxes, disposable
cardboard boxes, and returnable plastic boxes rented from a logistics provider. They also proposed a new
packaging allocation logic which had better economic and environmental performance. In this study the
total cost was divided into container cost, transport cost, handling cost, cleaning cost, assembling cost, and
maintenance cost. For long-distance transport, disposable cardboard boxes were used due to the
complexities of reverse logistics. Firstly, economic and environmental impacts were calculated based on
the company’s 2015 sales data. Based on the calculations, the transport strategy was adjusted to get an
optimized model and thus obtained the optimal strategy for the company's three packaging logistics systems.
The optimized strategy involved expanding the use of purchased returnable plastic boxes, reducing the use
of disposable cardboard boxes, and limiting rented returnable plastic boxes to trade partners. The results
show that the optimal solution was strongly influenced by the geographical area and supply volume. The
optimized logistics strategy led to a nearly 20% reduction in packaging costs and a significant 31% decrease
in carbon footprint. The study highlights the importance of tailoring packaging logistics to specific regional

and supply conditions to maximize both economic and environmental benefits.

¢) LCCA of reusable packaging for automotive parts
The automotive industry has also explored the economic viability of reusable packaging, with studies

focusing on cost comparisons between single-use and reusable systems.

In 1996, Wendee V. Rosenau et al. [32] investigated the investments in returnable containers by ten
leading vehicle assembly companies and proposed a framework for evaluating packaging investment
decisions. In this study, net present value was used to calculate the cost of returnable containers. It was
found that the number of containers required depends on the circulation time of the crates and the daily
crate requirements. Additionally, the lifespan of the containers is a critical factor in the NPV calculation.
Longer lifespans make investment more profitable. Compared to single-use containers, reusable containers
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reduce initial purchase and disposal costs but increase transportation and cleaning expenses. This study
indicated that assembly companies could save $125 per vehicle by using reusable containers.

In 2005, Mollenkopf Diane et al. [33] compared the costs of single use versus recyclable secondary
packaging logistics systems in the automotive parts manufacturing industry. A generalizable cost model
was developed to assess the economic viability of reusable packaging. Their analysis examined the
relationship between the cost of reus- able packaging and several factors such as its container unit cost,
cycle time, pack quantity, delivery distance, daily volume. The analysis suggested that reusable packaging
is more feasible for larger packages, while expendable containers are more economic for smaller packages.
Average daily volume also appears to be a relatively important factor. However, the study’s model
simplified transport systems and overlooked considerations related to empty containers. In further study,
dynamic simulation needs to be developed to provide a more realistic analysis of the complexities of a
packaging system. Palsson Henrik et al. [34] also develop an evaluation model for selecting packaging
systems in supply chains, considering both economic and environmental perspectives. Their study, which
used Volvo as a case example, compared the sustainability of single- use and returnable packaging. The
result showed that the transport distance and pack- aging fill rate were the key factors affecting the
economic cost and environmental impact of packaging.

In 2015, Qinhong Zhang et al.[35] compared two different modes, i.e., dedicated mode and shared
mode, in the context of automotive parts logistics. The total costs of the two models were analyzed,
focusing on transportation and inventory holding costs. The shared mode demonstrated significant
advantages over the dedicated mode. Specifically, the shared mode replaces the long-distance return trips of
empty containers with shorter-distance transportation of other goods. The result proved that the total costs,
including transportation and inventory holding costs, were lower in the shared mode compared to the
dedicated mode.

Nophanut Katephap and Sunpasit Limnararat[36] investigated the economic cost and environmental
impact of disposable packaging and reusable packaging under three reverse logistics arrangements: the
single-, round- and multi-trip arrangements. They proposed a mathematical model to calculate the total
effective packaging cost, which consisted of six parts: container cost, importer inland, ocean freight cost,
exporter in- land cost, packaging cleaning and repairing cost, and depreciation cost. The study focused on a
Thai manufacturer and exporter of automotive parts, with trading partners in the Philippines and Vietnam.
The disposable packaging system used four carton pads, retained boxes, and a metallic frame, while the
reusable packaging employed steel plates instead of carton pads. The findings indicated that the multi-trip
reverse logistics arrangement achieved the greatest reductions in both total packaging cost and packaging

waste, with reductions of 61% and 68%, respectively, compared to disposable pack- aging.

d) LCCA of reusable packaging for other products
Paolo Menesatt et al. [39] conducted an LCCA of disposable and reusable packaging in the floricultural

sector. The cost was divided into four groups: purchasing, administration, logistical and disposal costs. The
results show that reusable plastic packaging shows high economic benefits compared to traditional paper
packaging. As reusable containers are part of a reverse logistics system, effective logistics management
plays a crucial role in influencing their costs throughout their life cycle. Guillaume Goudenege[40]
developed a generic model for reverse logistics management focusing on reusable packaging, mainly
applied to a luxury goods company. The model was validated across various time horizons: from January to
October (excluding the two months with the lowest sales) and for the entire year. Additionally, the model
assessed the impact of different storage capacities and delivery times on the total cost of recyclable
packaging. The result showed that the time horizons have a crucial influence on the total cost of containers,
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while storage capacity and delivery time have little impact. The analysis also revealed that reusable
containers may not always be more cost-effective than cardboard ones due to higher transportation costs.
In 2019, Guo et al.[38] conducted an LCCA for a logistics system for reusable pack- aging in LCD panel
industry, comparing the total costs of traditional disposable pack- aging with those of reusable packaging.
The cost model of reusable packaging involves material cost, shipping cost, and recycling cost, while the
model for traditional disposable packaging only included material cost and shipping cost. The results show
that the total cost of the green logistics mode with reusable packaging is significantly lower than that of
traditional logistics mode and the materials costs accounted for a major portion of the total. However, the
study’s calculation model was relatively simple and did not consider additional factors such as storage,
handling, and cleaning costs.

4 Conclusion

This study provides a comprehensive overview of lifecycle cost analysis (LCCA) for reusable packaging in
retailer industries, including fruits and vegetables, automotive parts, and other sectors, highlighting their
significance in addressing economic sustainability, especially within the retail sector.

With the growing global focus on sustainable development, retailers must strike a balance between
economic benefits and environmental impacts when selecting packaging logistics solutions. Studies
demonstrate that reusable packaging not only significantly reduces resource waste and operational costs but
also enhances logistical efficiency, thereby boosting market competitiveness. The literature review
highlighted the economic benefits of reusable packaging across various areas in retail. However, despite the
advantages of reusable packaging in many cases, its cost-effectiveness is still influenced by factors such as
transportation costs, reused cycles, and logistics management efficiency. Therefore, enterprises formulating
reusable packaging strategies should thoroughly consider these factors to optimize overall economic and
environmental benefits. Future research should explore the application effectiveness of different types of
reusable packaging across industries, particularly in reverse logisticsmanagement and packaging design
innovation. With advancing technology and evolving market demands, continuous updates and
enhancements to LCCA models will assist retailers in making informed decisions, driving the entire supply
chain towards enhanced sustainability. In summary, LCCA serves as a powerful tool for assessing and
refining packaging solutions, facilitating the attainment of sustainable development objectives.
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