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1. VIRTUAL COLD CHAIN METHOD 

The VCC method was presented recently [1,2], where the background can be found. The 
simulations performed in the present publication were presented as a part of a larger simulation 
study on ventilated carton design and cold-chain scenarios [3], where all explicit simulation 
details are given. Only the key model characteristics are mentioned in this section. 

 Three different ventilated carton designs are evaluated: Standard box, Supervent box, and 
Opentop box (Figure S1). Standard and Supervent boxes contain 64 orange fruit (diameter 75 
mm, 13.57 kg), and Opentop boxes contain 60 fruit (diameter 75 mm, 12.72 kg). The cartons are 
palletized, holding 5120 fruit for both Standard and Supervent, and 3900 fruit for Opentop 
(Figure S2).  

 

Figure S1. Geometrical characteristics of Standard, Supervent and Opentop cartons, packed with 
citrus fruit. (figure adjusted from [3]). 

 

SuperventStandard

Opentop
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Figure S2. Geometrical model of a pallet of Standard, Supervent and Opentop cartons. (figure 
adjusted from [3]). 

 
The models for precooling, transport and storage are shown in Figure S3, together with the 

applied boundary conditions (Table S1). These models are a simplified representation of reality 
to some extent, but capture the main characteristics and differences between the different unit 
operations. Airflow is assumed to be horizontal for precooling and cold storage (Figure S3a), and 
vertical for refrigerated transport (Figure S3b). The upstream and downstream parts of the 
simulation domain were chosen sufficiently long to avoid an influence of the inlet and outlet 
boundary conditions on the airflow in the proximity of the pallet. 

For the Opentop carton, with a reduced packing density in a pallet, the air speed is lower than 
with the other packages. This is counteracted partially by the cooling of Opentop pallets along 
their short pallet side, whereas for the other two packages, cooling along the long pallet side is 
performed. This reduces the inlet area so that the speed is increased a little for a certain flow rate.  

The computational grids were built up with tetrahedral control volumes with a total of 40 
million cells in each computational model. The wall y+ value is below 185, 6 and 3 for 
precooling, transport and storage, respectively. The spatial discretization error is estimated by 
means of Richardson extrapolation [4], and is 2.5% for the mass flow rate through the carton and 
5% for the convective heat transfer coefficient on the citrus fruit surfaces. 

Standard Supervent Opentop
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Simulations are executed with the CFD software OpenFOAM 2.4.0, solving the Reynolds-
averaged Navier-Stokes (RANS) equations for steady and incompressible flow with scalable 
wall functions, to calculate the airflow and heat transport in the region of the boundary layer. 
This implies that the conservation equations of mass, momentum and heat are solved using the 
finite volume method. 

The temperature differences between adjacent fruit in the packages are relatively limited during 
cooling. Therefore, radiation exchange between the fruit inside the pallet and buoyancy are not 
modeled. The heat of respiration (50 W ton-1 for citrus fruit [5]) and the moisture loss from citrus 
fruit in the cold chain are rather limited. As such, the respiration heat and the latent heat of 
evaporation are not included. The following thermal properties of citrus fruit are used in the 
simulations: density of 960 kg m-3, thermal conductivity of 0.386 W m-1 K-1 and specific heat 
capacity of 3850 J kg-1 K-1. 

The second-order upwind scheme is used to discretize the advection terms of the governing 
equations. The first time derivative is discretized by the first-order, bounded, implicit scheme 
Euler. The SIMPLE algorithm and merged PISO-SIMPLE algorithm are used for steady state 
and transient simulations, respectively. The grid resolution and time step size (60 s) for the 
transient cooling simulations were determined from a sensitivity analysis. 

The cooling rate of each box was assessed by monitoring the temperature (T [K]) of the orange 
fruit over time, in the center of the fruit. From this data, the unaccomplished temperature change 
(Y) was determined: 

a

i a

T TY
T T
−

=
−

           (S1) 

Here, the subscripts i and a are the initial fruit temperature and the set point temperature in the 
unit operations. From this value, the seven-eighths cooling time (SECT, t7/8) is determined. The 
SECT is the time required to reduce the difference in temperature between fruit and delivery air 
by seven eighths (Y = 0.125).  
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Table S1. Boundary conditions for three different cold chain scenarios for each of the unit 
operations with respect to airflow rate, set point temperature and duration of the unit operation. 

Scenario Precooling Cold storage before shipment Refrigerated transport Cold storage after shipment 

Air 
flow 
rate 

Set point 
temperature 

Duration  Air flow 
rate  

Set point 
temperature 

Duration  Air 
flow 
rate 

Set point 
temperature 

Duration Air flow 
rate 

Set point 
temperature 

Duration 

 L kg-1s-1 °C days L kg-1s-1 °C days L kg-1s-1 °C days L kg-1s-1 °C days 

Forced-
airflow 
cooling 

0.2 3 3 - - - 0.02 -1 24 0.002 4 14 

Ambient 
cooling 

- - - 0.002 3 5 0.02 -1 24 0.002 4 14 

Ambient 
loading 

- - - - - - 0.02 -1 24 0.002 4 14 

- : The cold chain does not contain the corresponding unit operation. 

 

 

Figure S3. Computational model with boundary conditions for the different unit operations  
(precooling-transport-storage). (figure adjusted from [3]). 
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A previously-developed kinetic rate-law model was applied for fruit quality evolution [1,2]. 
This model determines the change in fruit quality, quantified by parameter A [6,7]. To include 
the dependence of quality decay on the temperature, the rate constant was made a function of 
temperature, for which an Arrhenius relationship was used. The model parameters were 
calibrated on the basis of experimental data [3]. 

The kinetic rate-law model for fruit quality evolution was developed previously [1,2]. This 
simple model quantifies the change in overall fruit quality, indicated by parameter A, based on a 
kinetic rate law [6,7]: 

ndA kA
dt
−

=
          (S2) 

where t is the time [s], k is the rate constant [s-1], n is the order of the reaction which dictates if 
the rate is dependent on the value of A. A zero-order reaction is assumed here. This implies that 
the temporal change of A, at a given temperature, is a linear curve. The magnitude of its slope 
equals k. Next to overall quality decay, which is modeled here, examples of zero-order reactions 
are lipid oxidation and enzymatic degradation [6,7]. 

If Eq.(S2) is integrated, a linear decrease of the quality parameter is found at a constant 
temperature, as k is temperature dependent: 

0A A kt= −           (S3) 

where A0 is the quality at the start of a cold chain (t = 0 d). To include the dependency of 
quality decay to the temperature, the rate constant k is made a function of temperature. For this 
purpose, typically an Arrhenius relationship is used: 

( ) 0

AE
RTk T k e
−

=          (S4) 

where k0 is a constant [s-1], EA is the activation energy [J mol-1], R is the ideal gas constant 
(8.314 J mol-1 K-1), T is the absolute temperature [K]. To calculate k(T), k0 and EA are calibrated 
based on information of quality decay, and are assumed to be independent of temperature here. 

However, k needs to be known at a certain temperature. Here, we assume that orange fruit can 
be stored for approximately 56 d at 4 ºC, according to Cantwell (2001). This means that if the 
fruit is kept 56 d hours at 4 °C, the quality is assumed to be entirely lost (remaining quality Aend 
= 0%). Second, information on the temperature dependency of the rate constant is needed. This 
information is obtained via the Q10 value: 
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where kT and kT+10 are the rate constants at temperatures T and T+10K. Van’t Hoff’s rule states 
that the rate of a biological reaction doubles or triples for every 10°C rise in temperature [8]. As 
such, the Q10 value is typically about 2-3 for degradation reactions in fruit [6,8]. Here, a Q10 
value of 2 was chosen, which means that an increase in temperature of 10°C doubles the rate 
constant, so halves the time until the shelf life is lost, if stored at a constant temperature. This 
implies that citrus fruit can be stored for approximately 28 d at 14 ºC. Based on these quantities, 
the rate constants at 4 ºC and 14 ºC can be derived via Eq.(S4). Using these two rate constants 
and Eq. (S5), Ea and k0 can be calculated, which equal 4.59 x 104 J mol-1 and 7.89 x 106 d-1, 
respectively. As fruit temperature varies along the cold chain, the rate constant will also vary 
accordingly.  

The following cold chain scenarios (see Table S1) are assessed: the forced-airflow precooling 
chain, the ambient cooling chain, which does not include precooling, and the ambient loading 
chain [9], where the fruit are directly loaded at ambient conditions into a refrigerated container. 
Ambient loading is used to shorten the supply chain and to enable postharvest cooling in regions 
with insufficient (pre)cooling facilities. 

 

Coupling VCC to LCA 

The energy coefficient (EC) is used as an input for LCA [10] to quantify the energy consumption 
of cooling for each of the unit operations (precooling, transport and cold storage). The EC 
represents the heat that has to be extracted from the fruit (in kJ) per kJ of electricity that is 
consumed to achieve this goal, and is defined as [11]: 

( )p i f

e

Mc T T
EC

E c
−

=           (S6) 

where M is the mass of all produce that is cooled per month [kg mo-1], cp is the specific heat 
capacity of the produce [kJ kg-1K-1], Ti is the initial temperature of the product [K], Tf is the final 
temperature of the product [K], Ee is the electricity consumed per month to operate the cooling 
facility (kWh/mo) and c is 3600 kJ kWh-1. In conventional LCA, the energy use is assumed 
constant for a specific unit operation [12]. By combining VCC with LCA, a package-specific EC 
could be determined in this study, together with more accurate values for each unit operation. 

The procedure to determine the package-specific EC is briefly described. Note that the EC was 
originally defined for entire cooling facilities. An estimation of the EC requires data on the 
refrigeration heat loads (e.g. heat that is stored in the fruit, building transmission heat loads, heat 
of lighting and fans, etc) and also the energy needed for fans, lights and lift trucks, for a typical 
cold storage facility. For forced-airflow precooling, the EC is typically 0.40 [11]. This value was 
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taken as a reference point for the Standard carton in this study for forced-airflow cooling, which 
enabled the typical electricity use (Ee) to be quantified (Eq.(S2)). Using this value, the EC values 
for Supervent and Opentop cartons were recalculated, on the basis of the method presented in 
[11]. The main differences between the packages originated from their different air resistance 
(and thus pressure drops), different residence times in the precooler (SECT) and differences in 
field heat due to different amounts of fruit to be precooled per pallet (e.g. for Opentop), due to 
the different fruit packing density. These air resistances and residence times were extracted from 
the VCC calculations, and other quantities are taken to be similar for all package designs. In this 
way, the EC of Supervent was 0.41 and that of Opentop was 0.36 for forced-airflow precooling 
(Table S2). 

To determine the EC for refrigerated transport, a similar procedure was applied, where the air 
resistances and residence times were extracted from the VCC. On the basis of that, the EC was 
calculated. However, the energy consumption of the container was dependent on the mode of 
operation as well. When fruit is still cooling, so that it has not yet reached the SECT, the 
package-specific EC specified in Table S2 was used to calculate the energy use. Differences 
between the packages originated from different air resistances (e.g. for Opentop) and differences 
in amounts of fruit in the container, due to the different fruit packing density. 

After the fruit reached the SECT, where the duration is different for each package and cold 
chain scenario, the energy consumption was calculated as being dependent on the outside 
temperature (see Eq.(S3)). Since heat losses through the container walls do not depend on the 
package design, the same energy consumption was modeled for each package design in this stage 
of the cooling process. 

For cold storage, the same energy coefficients as for forced-airflow cooling were assumed 
since the impact of the package design on air resistances and cooling times is similar. Note that 
the food quality information of the VCC method is not used yet as an input to LCA, but is used 
separately to evaluate the cold chain performance from a quality perspective. 
 
 

Table S2. Energy coefficients for cooling of orange fruit for precooling, refrigerated transport in 
a container, and cold storage for three package designs.  

 Standard box Supervent box Opentop box 
Forced airflow cooling 
[kJ/kJ] 

0.40 0.41 0.36 

Refrigerated container [kJ/kJ] 0.40 0.41 0.27 
Cold storage [kJ/kJ] 0.40 0.41 0.36 
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2. LIFE CYCLE ASSESSMENT MODEL 

For the life cycle inventory of agricultural production of oranges in South Africa and Spain, we 
use a dataset from ecoinvent, which includes, among others, the processes of planting, pesticide 
application, fertilization, harvesting, machine infrastructure, transport on farm, irrigation, planted 
trees, and direct field emissions from crop production activities (e.g. fertilizer and pesticide use). 
The modeled inputs and yields are shown in Table S3. Land use changes are not considered [13]. 
The climate change impacts according to this dataset are slightly higher (deviation of 10-20%) 
than in the corresponding datasets of the World Food LCA Database, even though the latter also 
includes land use changes [14]. 
 

Table S3. Mineral fertilizer, manure, and pesticide application and yields assumed in the life 
cycle inventory of agricultural production in South Africa and Spain, based on [15] and [16]. 

 South Africa Spain 

Mineral fertilizer  N [kg/ha] 80 300 

 
P [kg/ha] 80 65 

 
K [kg/ha] 72 135  

Manure [t/ha] 0 3.6 

Pesticides [kg/ha] 5.3 14 

Yield [t/ha] 34.7 30 

 
The energy consumption for cooling is calculated on the basis of [17], using the energy 

coefficients (EC) specified in Table S2 (as derived above), and assuming an initial (harvesting) 
temperature (T1) of 21°C in South Africa (August – September, Table S4) and of 16°C in 
Valencia (November - August). The resulting electricity consumption is shown in Table S4 for 
all unit operations. For refrigerated container cooling, the energy consumption after reaching the 
SECT is calculated linearly with respect to the outside temperature, using the following equation 
in [18]:  

  0.0696  0.9406ey T= +         (S7) 
where Te is the outside temperature [°C] and y the average power consumption rate [kWel/ 

twenty-foot equivalent (TEU) container]. This leads to an energy consumption of 2.3 kWel/TEU 
at 20 °C or 3.7 kWel/TEU at 40 °C. Note that in previous LCA studies, the power of a container 
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was typically assumed to be constant (e.g. 3.6 kWel/TEU [12]). The outside temperature is 
assumed to be linear between places during transportation (South River Valley – Port Gentil – 
Rotterdam – Zurich and Valencia – Zurich). We use the monthly average temperature of August 
and September for transport in South Africa, of September and October for European transport 
of oranges from South Africa, and of November to August for imports from Spain [12,19]. 
 
Table S4. Calculation of energy consumption for cooling of orange fruit from ambient 
temperature to final storage temperature for the cold chain scenarios and packages for the life 
cycle inventory. A harvesting temperature of 21 °C (T1) is assumed (conservative assumption for 
Port Elizabeth in July/August) and a final storage temperature of -1 °C (T2). In the precooling 
facility, on the basis of [19], oranges were cooled down to 3 °C (T2a) and then loaded to the 
container, where they were further cooled down to -1 °C. In the scenario “ambient cooling”, 
oranges were cooled down to 16 °C (T2b) in the cooling facility and then loaded to the container 
for further cooling.  

Removing heat from products   Scenario "forced-airflow 
precooling" Scenario "ambient loading" Scenario "ambient cooling" 

        Standard Opentop Supervent Standard Opentop Supervent Standard Opentop Supervent 
Precooling T1 (harvesting temperature) °C 21 21 21             
    T2a °C 2.5 2.5 2.5   

 
  

  
  

    Energy removed kJ 71.2 71.2 71.2   
 

  
  

  
    Electricity consumed MJ 0.178 0.198 0.174             
Cold storage prior to 
shipment 

T1 (harvesting temperature) °C             21 21 21 
T2b °C   

 
    

 
  16.1 15.7 16.7 

    Energy removed kJ   
 

    
 

  19.3 19.3 19.3 
    Electricity consumed MJ             0.048 0.053 0.047 
Refrigerated transport in 
container T2a/b °C 2.5 2.5 2.5 21 21 21 16.1 15.7 16.7 

T2 (final temperature) °C -1 -1 -1 -1 -1 -1 -1 -1 -1 
    Energy removed kJ 13.5 13.5 13.5 84.7 84.7 84.7 65.5 65.5 65.5 
    Electricity consumed MJ 0.034 0.050 0.033 0.212 0.314 0.207 0.164 0.242 0.160 
 

The electricity generation for container cooling is modeled with a diesel-electric generating set 
(ecoinvent process “Diesel, burned in diesel-electric generating set, 18.5 kW”; 0.262 kg CO2-
eq/MJ). For the energy consumed while the ship is staying in a harbor, the ecoinvent electricity 
mix of the corresponding country is used in the model (with a carbon impact of 0.346 kg CO2-
eq/MJ in South Africa, 0.158 kg CO2-eq/MJ in the Netherlands and 0.132 kg CO2-eq/MJ in 
Spain). For the scenario of solar precooling, we modeled electricity production from 
photovoltaic, 3kWp flat-roof installation, on the basis of ecoinvent (0.014 kg CO2-eq/MJ). 
 

We assume truck transport distances of 100 km from Ribera Alta/Baixa to the distribution 
center in Valencia and 1,400 km to Zurich. For oranges from the South River Valley (South 
Africa), 100 km are estimated to Port Elizabeth, 12,212 km to Rotterdam by transoceanic reefer 
ship, and 758 km road transport to Zurich (www.sea-distances.org and 
www.mappedometer.com). Average velocities and waiting times are based on [12]. The material 
use for packaging is modeled assuming recyclable corrugated cardboard with a weight of 0.074 

http://www.sea-distances.org/
http://www.mappedometer.com/
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kg/kg of fruit for the Standard and the Supervent box and 0.045 kg/kg of fruit for the Opentop 
box, using ecoinvent data (Table S5).  

 
Table S5. Datasets from the ecoinvent database (EI) and the World Food LCA Database (WF) 
used for the life-cycle inventory. (“Alloc Rec, U” is a technical abbreviation used in the 
ecoinvent database for “Allocation by recycled content, unit process” [13,14]). 

Name of the life cycle inventory dataset Database Functional 
Unit 

Agricultural production     
Orange from Spain     
Orange, fresh grade (ES)| orange production, fresh grade | Alloc Rec, U EI 1 kg 
Orange, fresh grade, at farm (WFLDB 3.0)/ES  WF 1 kg 
Orange from South Africa     
Orange, fresh grade (ZA)| orange production, fresh grade | Alloc Rec, U  EI 1 kg 
Orange, fresh grade, at farm (WFLDB 3.0)/ZA U  WF 1 kg 
Precooling (& cold storage)     
Electricity, low voltage (ZA)| electricity production, photovoltaic, 3kWp flat-roof installation, multi-Si | Alloc Rec, U EI 1 MJ 
Electricity, low voltage (ES)| market for | Alloc Rec, U  EI 1 MJ 
Electricity, low voltage (ZA)| market for | Alloc Rec, U  EI 1 MJ 
Packages     
Corrugated board, recycling fiber, double wall, at plant/RER U  EI 1 kg 
Transport     
by ship     
Transport, freight, sea, transoceanic ship with reefer, cooling (GLO)| market for | Alloc Rec, U  EI 1 tkm 
Electricity, low voltage (ZA)| market for | Alloc Rec, U  EI 1 MJ 
Electricity, low voltage (NL)| market for | Alloc Rec, U EI 1 MJ 
by lorry     
Transport, freight, lorry with reefer, cooling (GLO)| market for | Alloc Rec, U  EI 1 tkm 
Transport, freight, lorry >32 metric ton, EURO5 (RER)| transport, freight, lorry >32 metric ton, EURO5 | Alloc Rec, U  EI 1 tkm 
Retail and cold storage in Switzerland     
Electricity, low voltage (CH)| market for | Alloc Rec, U  EI 1 MJ 
Heat, district or industrial, natural gas (CH)| market for heat, district or industrial, natural gas | Alloc Rec, U  EI 1 MJ 
Transport, freight, lorry 16-32 metric ton, EURO5 (RER)| transport, freight, lorry 16-32 metric ton, EURO5 | Alloc Rec, U  EI 1 tkm 
Transport, freight, lorry >32 metric ton, EURO5 (RER)| transport, freight, lorry >32 metric ton, EURO5 | Alloc Rec, U  EI 1 tkm 
Water Consumption, unspecified natural origin, CH, 1 m3 EI 1 m3 
 

Food waste is modeled according to Table S6. Avoidable food losses in agriculture are not 
considered because of the high uncertainties involved. According to interviews with a Swiss fruit 
importing company, most edible South African oranges that do not meet the quality standards for 
export are used in the domestic markets and for juicing. However, in Spain they approximately 
estimate that about 10% of the harvest is lost, which is then mainly fed to livestock [20]. 
Including these estimates would influence the ecological comparison between Spanish and 
African oranges, and should therefore be based on more reliable data. The unavoidable losses in 
agriculture are assumed to remain in the fields in an unharvested state. The unavoidable losses in 
trade are assumed to be composted. The avoidable losses are assumed to be sent to anaerobic 
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digestion. The impacts of anaerobic digestion and composting are calculated with the same 
method as in [21]. 

 
Table S6. Avoidable (red), unavoidable (gray) food waste and food donations (green) in % of 
input in the respective stages of the food supply chain. The third column defines what the 
references relate to, assuming this to be representative for oranges imported into Switzerland. 
Avoidable food waste in agriculture is not modeled due to high uncertainties. 

 Reference avoidable and unavoidable food waste 

Agricultural production [20] 

[21] 

Oranges imported to CH 

Exotic fruit imports to CH 
not modeled 

+8.1% unavoidable 

Import (transport and 
storage) [20] Oranges imported to CH 

0.05%  
(+0.09% donations) 

Distribution centre [22] 

[21] 

Oranges imported to CH 

Exotic fruit imports to CH 

0.38% 
+1.3% unavoidable 

Retail store [22] Oranges imported to CH 4.78% 
(+0.26% donations) 

Households [23] 
[24] Citrus fruits in UK households 20.7% 

 
 
 
3. LIFE CYCLE IMPACT ASSESSMENT 

In addition to the global warming potential 100a method, we analyzed the method ReCiPe, 
which translates emissions and resource extractions into 18 midpoint indicators and 3 endpoint 
indicators. Midpoint indicators quantify impacts on the environment with regard to impact 
categories, such as climate change or eutrophication. Endpoint indicators aggregate these impact 
categories further and represent the damage on the three areas of protection “human health”, 
“biodiversity” and “resource scarcity”. We only calculate a one single endpoint score with the 
method “World ReCiPe H/A Single Score”, which aggregates all the midpoint indicators. The 
result is expressed in mPt (millipoints) and is normalized with the “average hierarchist” 
weighing version (i.e.impacts of an average world citizen) [25]. 
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4. ADDITIONAL FIGURES 

 

Figure S4. Human health impact from stratospheric ozone depletion analyzed with the ReCiPe 
method in DALY (disability adjusted life years), per kg of fruit [25] for all package designs and 
cold chain scenarios, split up into the different processes of the supply chain. 

 

 
Figure S5. Environmental impact (ReCiPe Pt per kg of fruit) of the Supervent packaging for two 
different fruit sourcing regions, split up into the different processes of the food supply chain and 
food waste treatment. 
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