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Abstract A rational model for emission allocation is a prerequisite for the correct

measuring and reporting of the emission footprint in the choice among alternative

logistics options. While much attention has been paid to national emission alloca-

tions, there has been less focus on cargo-level allocations. In this study, we propose

an analytical framework for emission allocation in the maritime logistics chain. This

framework provides an entire procedure for the emission allocation of logistics

chains with different structures and transported cargoes. A set of universal princi-

ples are proposed to form the basis for any rational emission allocation scheme. This

includes Completeness, No Redundancy, Simplicity, Fairness, Individual Ratio-

nality, Motivation, and Consistency. Three application examples are presented to

illustrate this framework: a single logistics chain without return cargo, a single chain

with return cargo, and partly uniform cargo with or without return cargo (container

shipping). For each of these, different allocation schemes are tested and discussed.

Keywords Maritime logistics chains � CO2 emissions � Allocation principles �
Allocation schemes

Introduction

One of the strategies for logistics providers to competitively differentiate

themselves in the market is to provide an environmental efficiency message to
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their customers (Olson 2010). A prerequisite for this is the correct calculation and

allocation of emissions in the logistic chain. This allocation can provide insight into

the responsibility of different players and interested parties with respect to carbon

footprint reduction. Furthermore, by allocating the emissions to a specific cargo

transport unit, we can achieve the same basis for each transport mode. This makes

possible the comparison and benchmarking of emissions in multimodal transport.

For a single-cargo-single-carrier chain, this allocation process is relatively

simple. However, current maritime logistics chains are typically more complex, as

door-to-door logistics services are increasingly favorable to customers due to road

congestion, increasing fuel prices, and increasing concerns about global warming

(Vrenken 2005). These maritime chains are usually composed of different

transportation modes (e.g., sea/short-sea, road, rail and air), multiple service

players (e.g., shipping companies, port authorities, and cargo owners), and multiple

cargo types (e.g., general cargoes, containers, four-wheel cargoes, bulk cargoes,

liquid cargoes, and passengers). Adding to this complexity, vehicles can be fully or

partially loaded with different cargoes with various characteristics, such as chemical

carriers, container ships and ferries. Thus, the emission allocation problem is

intrinsically complex for maritime logistics services, especially when repositioning

moves are involved. It is therefore challenging but necessary to determine a suitable

way to allocate the total emissions to similar units for different cargoes and modes

(e.g., per container, per pallet, or per ton).

Cargo delivery is the main function of a commercial vehicle. It is therefore

reasonable to allocate the emissions from shipping activities to the different types of

cargoes. From a logistics chain perspective, this implies that the cargo transported

by a vehicle is responsible for all emissions, and that the carrier itself is essentially

emission-free. The purpose of an emission allocation scheme is to distribute these

emissions to each of the cargoes involved in a chain. This information can be used

by cargo owners to determine their products’ life cycle carbon footprint.

The remainder of the paper is organized as follows. The literature review

provides an overview of the current state-of-research in this area in the second

section. This is followed by the proposal of a general framework and principles for

emission allocation in the third section, while relevant application examples are

described in the fourth section. In the final section, concluding remarks and

implications for future work are discussed.

Literature review

Significant work from different countries and regions has addressed emission

allocation at the national level. These describe the allocation of emission allowances

or targets across regions or countries based on one or more equity principles (den

Elzen et al. 2013). In general, the emissions from all aspects of life should be

allocated on the basis of per capita, per unit GDP, or other scaling factors (Sagar

2000; Groenenberg and Blok 2002; Jackson et al. 2006; Chakravarty et al. 2009;

Cadarso et al. 2010; Rajagopal and Zilberman 2010; Heitmann and Khalilian 2011).

The UNFCCC presented a range of options for the allocation of international bunker
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fuels to nations in its 1996 National Communication by the Subsidiary Body

for Scientific and Technological Advice (SBSTA 1996). Here, seven options for

allocating emissions to a specific country were proposed, based on (1) the

proportion to their national emissions, (2) where the bunker fuel was sold, (3) the

nationality of the transporting company, or where the vessel was registered, or

the country of the operator, (4) the departure or destination of a vessel, (5) the departure

or destination country of cargo or passenger, (6) the nationality of the passenger on

flights or the ownerships of cargo, (7) and how much emissions are generated in its

national space. However, some of these options have been dismissed later by

SBSTA. Based on these options, Heitmann and Khalilian (2011) analyzed the

allocation of international shipping emissions by options 1, 2 and 3. They proposed

three indicators to identify a proper scheme: environmental effectiveness, legal

effectiveness, and fair burden sharing. Moreover, they compared their results with

those based on options 3 and 4 conducted by Faber et al. (2009) and den Elzen et al.

(2007) according to these three criteria. They concluded that the option 3, allocating

international shipping emissions within a UNFCCC regime on the basis of the

operating company should be the best way. This conclusion also implies that it is

actually possible and necessary to allocate the emissions on a cargo level.

Although the above-mentioned papers and several published guidelines from

different organizations support companies in measuring, reporting and managing

their carbon footprints (McKinnon 2010), the main global carbon auditing

standards, such as the GHG protocol and ISO16064, do not provide sufficient

guidance at the product level in general (McKinnon et al. 2010), or for maritime

logistics in particular. This is likely due to the complexity of logistics chains, and/or

a lack of sufficient data. McKinnon (2010) discussed the problem with cargo-level

carbon audits of supply chains. He suggested that the division of carbon emissions

between consignments present an analytical challenge similar to that faced by

transport economists (Figliozzi 2006; Houghtalen 2007; Krajewska 2007; Frisk

et al. 2010). The latter group has long debated the allocation of common and joint

costs between the different consignments on a given vehicle. The allocation rules

that companies use are often based on subjective judgments. When a supply chain

comprises many separate freight journeys, the cumulative effect of the CO2

allocation decisions made separately for each leg can be substantial. However, no

specific rules of emission allocation have yet been presented.

In maritime transport, there has been a significant research focus on ferries,

Ro-Ro, and RoPax services. Thus, different allocation schemes have been proposed,

and their different allocation methods could lead to substantially different results. In

general, the allocation methods, characterized by their applied functional units, can

be divided into three types: weight, volume and economic value (Fet et al. 2000;

Ziegler and Hansson 2003; LIPASTO 2009; Hagemester and Kristensen 2011).

More relevant to the present work, the MARLEN project proposes an allocation

scheme for carbon emissions in a shared network MARLEN (2010). The project

team divides the network into three scenarios. The first scenario includes other

products and/or products from other product owners in the same mobile unit. In this

situation, allocations are made according to the percentage of utilized time and

cargo capacity. The cargo capacity here could refer to either weight or volume,
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depending on which of these is the limiting factor. If both are limiting factors, the

weight will be used to determine the allocation because weight is a driving factor in

emission reduction. The second scenario involves several products and/or products

from other product owners in the same terminal. Here, carbon emissions are

allocated according to the same principle as those in Scenario 1, taking into account

cargo handling equipment and terminal infrastructure. The third scenario includes

other parts of the supply chain. No solution is given to this situation due to its

complexity. These methods have also been described in (Asbjørnslett et al. 2010).

However, no details are provided with regard to making allocations between

different transport modes or cargoes. Leonardi et al. 2010 provided a detailed

description of allocation methods among multiple customers on the same vehicle. It

showed that the loading percentage, based on weight or volume, and traveled

distance of different cargoes should be taken into consideration when selecting

allocation method. It also suggested that empty running should be required as a part

of a journey. However, the empty return issue has not been described in detail in the

application example based on a single-leg voyage. Wick et al. (2011) proposed

the allocation of GHG emissions from logistics transportation networks based on the

Shapley value, which is generally used to solve the cost emission problem. Moreover,

Naber (2012) proposed more advanced emission allocation methods. In this study, five

different transport network methods are presented: the Star method, the Equal profit

method, the Lorenz allocation, the Nucleolus, and the Shapley value. With the exception

of the Star method, these methods are all based on cooperative game theory. The time

window issue has also been taken into consideration, and four different penalizing

methods for allocating extra emissions are discussed. Different allocation schemes are

investigated in the specific cases, and the different impacts are presented. It is concluded

that the cooperative game theory methods provide a more fair allocation, while the

simple method is more robust and easy to implement. In their case, customers must

choose a proper method based on their preferences.

The literature review reveals that there are gaps in the current work. First, although

there are a number of national emission allocation studies, the purpose of these differs

from the purpose of this paper. The papers reviewed here have been more focused on

how to allocate the emissions equally in accordance with common but differentiated

responsibilities and respective capabilities (UNFCCC 2003). In contrast, the focus of

this paper is on emission allocations on the product level. The functional allocation unit

will be set as the per cargo unit. Moreover, previous work more specifically related to

maritime transportation has primarily focused on ferries and RoPax vessels,

representing only a small part of global transport. No comprehensive framework to

be used for the maritime logistics chain has been presented yet.

Framework of emission allocation

General principles

In this section, we will define certain principles and features that we believe should

be aspired for in any rational emission allocation scheme. The first principle is

38 W. Zhu et al.

123



Completeness, referring to the allocation of all emissions involved in a chain,

including empty return or repositioning legs. The No Redundancy principle is the

opposite, stating that a particular emission unit should be allocated once and only

once. The third principle is more related to the practical aspects of the allocation

process, giving preference to schemes in which data availability and easy

accessibility place less burdens on the involved stakeholders (Leonardi et al.

2010). Here, this is referred to as Simplicity. For global emissions, a fair allocation

among different countries is a core problem (UNFCCC 2003; Sijm et al. 2001;

Heitmann and Khalilian 2011; Naber 2012). For instance, Heitmann and Khalilian

(2011) referred to the principle of fair burden sharing to identify a suitable scheme

based on the ‘‘polluter pays‘‘ principle. Similarly, Naber (2012) described fairness

to imply that every customer has a fair share of the advantage of joint delivery. We

describe Fairness as all emissions should be allocated based on the characteristics of

cargoes and the benefits of each cargo owners. The benefits here could be the saving

of emissions from coordination or the total finished transport work for each cargo

owner, etc. Fairness implies an allocation scheme reflecting to a reasonable degree

each cargo unit’s contribution to the overall emissions.

Furthermore, we find that some principles are suggested by game theory, particularly

by cooperative games, and these are widely used in cost allocation. One of these is

individual rationality, which means that no participant pays more as part of a coalition

than its stand-alone cost when no coalitions are formed (Frisk et al. 2010). Hence, this

principle dictates an upper bound on emission allocation, as players would otherwise

have an incentive to switch to other transport solutions, yielding lower emission levels.

In this paper, we use Fairness and Individual Rationality together to describe a

reasonable allocation. The principle of Fairness can in some cases be contrary to that of

Individual Rationality, where each stakeholders bargaining position may be decisive.

The level of fairness will to some extent be a subjective measure reflecting how the

different stakeholders perceive a given scheme. The principle of Motivation refers to the

efficiency of the scheme to provide correct incentives to emission reduction.

Table 1 Requirements and features of emission allocation

Description of general principles

Completeness All emissions, including empty return trips, should be accounted for and allocated

No Redundancy The same emissions should be allocated only once, thus avoiding double-counting

Simplicity The required data for a scheme should be easily available, and the calculation

method should be easily understandable, effectively implementable and as simple

as possible

Fairness The emissions should be allocated based on the characteristics of cargoes, reflecting

to the degree possible each cargo unit’s contribution to the overall emissions

Individual

Rationality

No cargo should be allocated more emissions than it would have if no other cargoes

were involved in the chain

Motivation The scheme should provide insights into opportunities and incentives for improving

environmental efficiency

Consistency The functional unit should be consistent across transport modes to be applicable for

benchmarking multimodal logistics chains
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Furthermore, as we mentioned above, the emission allocation also can serve for the

benchmarking across multiple transport modes, the Consistency in the approaches used

for other transport modes should be considered (Wood et al. 2008; Leonardi et al. 2010).

Overall, a meaningful allocation scheme should therefore satisfy the principles

described in Table 1.

No scheme will meet all of the principles listed above. For instance, the search

for a motivated approach may bring solutions that are not simple or easily

understandable. Additionally, there may be a trade-off between Simplicity and

Consistency, as the latter requirement is likely to imply relatively more complexity

when more transport modes are included. Therefore, we need to find a reasonable

trade-off between these principles. However, requirements such as Completeness

and No Redundancy must be met for the approaches used in this paper. Other

principles could depend on the customer’s applicability.

Analysis framework of emission allocation

In this section, a general procedure for emission allocation is proposed. For the

development of the allocation schemes, we can start with a port-to-port operation,

which is typically a basic element in a maritime logistics chain. Emission allocation

for a complex logistics chain can be determined by combining these simple legs. For

instance, an entire intermodal supply chain is a combination of each different leg

with a specific type of vehicle. Therefore, it is possible to use combinations of

different scenarios in this study to discuss the emission allocation issues of an

intermodal logistics chain. All major notations used are listed below in Table 2. The

Table 2 Notations used in the models

Notations and descriptions

Sets

N Set of logistics nodes indexed by i

M Set of cargo indexed by m

A Set of logistics legs ij

Parameters

E The total emissions from a complete roundtrip (tons)

Eij
T Emissions from transportation from port i to j (tons)

Ei
H Emissions from handling activities at port i (tons)

Ei
W Emissions from waiting in port i (tons)

Am Subset of arcs of a voyage for which a cargo m is on board

Qmij Total transport units of cargo m on leg ij (tons, m3, lane meters, number of container, number of

passenger, or number of cars, etc.)

em Unit emission of cargo m (tons/transport work unit)

Dij Transport distance between two logistics nodes i and j (km)

cm Emission allocation factor for each cargo m, which depends on different cargo characteristics and

allocation schemes

Pm Distribution of emission relevant to different allocation methods of each cargo m (%)
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framework (see Fig. 1) proposed here includes the basic process of the emission

allocation, which can be divided into four steps as follows. We will provide detailed

explanations below.

• Calculation of total carbon emission

• Analysis of different allocation schemes

• Calculation of the emission distribution Pm

• Calculation of unit emission for each type of cargo em.

Step 1: Calculation of total carbon emission

For this first step, the total emissions can be calculated based on the fuel

consumption during transportation (from one point to another), waiting, and in-port

cargo handling. Because the emissions are fuel-based, we use the bottom-up method

to calculate the total carbon footprint. We use an ‘‘activity-based bottom-up’’

approach to estimate fuel consumption for individual categories of ships. The

estimates of fuel consumption are then added together to find the global total (IMO

2000). Thus, the total emissions from a port-to-port chain are given by:

E ¼
X

ði;jÞ2A

ET
ij þ

X

i2N

EH
i þ

X

i2N

EW
i ð1Þ

Step 2: Analysis of different allocation schemes

We divide the cargoes into three classes:

• Weight-sensitive cargo: cargoes for which weight is the limiting factor for the

vessel; these include coal and ore.

• Volume-sensitive cargo: cargoes for which volume is the limiting factor for the

vessel; these include industrial parts, furniture, and clothes. These also can

include such cargoes as containers and cars.

• Value-sensitive cargo: cargoes with a high value-to-weight ratio in transport,

such as medical equipment and urgent delivery items.

In principle, the existence of these different cargo types requires different

allocation methods: the weight-based approach, the volume-based approach, and the

economic value-based approach. In particular, the value-based method could be

used for the value-sensitive cargoes mentioned above or for a mixture of different

types of cargo, for instance, the ferry transport. In this case, it is sometimes difficult

to find a measurement standard, such as weight or volume, for all of the cargoes and

passengers. Under such circumstances, the value-based approach could be an

option. The economic value could be the real value of the cargo itself, the freight

rate, or the ticket price of the cargo, depending on the different transport modes

Total 
Emission: 

E

ET

EH

EW

Emission Allocation 
Distribution: Pm

Unit Emission: em

Alternative 1: 
Voyage-based

Alternative 2: 
Leg-based

Unit Emission of 
each cargo for each 

cargo owner

allocation Scheme

Fig. 1 General emission allocation framework
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involved. For instance, the economic turnover generated by each passenger and

cargo is used as a basis for emission allocation (Fet et al. 2000). Moreover, when

using the value-based method, those approaches used in cost allocation could also

be introduced for emission allocation, for instance, Shapley value, which is one of

the most popular methods for cost allocation. Using Shapley value, the allocation

can be based on the marginal contribution of emission savings of each cargo type.

This gives each player their average contribution when joining up in a transport

work (Naber 2012). However, most of the methods used in cost allocation are more

complicated and advanced. The complexity and workload of calculation will

increase when the number of players in a transport network increases.

We can divide this allocation problem into different scenarios based on the

complexity of the maritime logistics chains:

• Scenario 1: A single cargo-type vessel without return goods (Simple base

example): In this scenario, only one type of cargo is carried. It is therefore not

difficult to select a method according to the characteristics of this cargo.

• Scenario 2: A single cargo-type vessel with return goods (Extension example 1):

In maritime transport, the one-ship-one-cargo situation is very common. Here, one

cargo refers to the same type of cargo. The main difference in this extension is that

we allocate the emission based on either the complete roundtrip or separated legs.

• Scenario 3: Partly uniform cargoes (Extension example 2): We investigate

allocation schemes for cargo that is uniform in some dimensions but different in

others. One typical example is containers with a standard shape and volume but

with different weights and values since the cargoes inside each container have

different characteristics. We propose a simplified approach in this paper that

facilitates the emission allocation in such complex circumstances.

• Scenario 4: Multiple types of cargo with or without return goods: Ferry transport

is a typical case for this scenario, as it is a mix of wheel-based cargoes, cars and

passengers.

• Scenario 5: Repositioning: In the context of our study, repositioning refers to the

situation in which a vessel is required to transport some goods from one point to

another. Instead of going back directly afterward, the vessel sails empty to the third

point to pick up other cargoes from the required destination. This could be from the

original point or a different point. If it is a new point, the vessel returns empty to its

point of origin after unloading. According to the allocation principles proposed

above, we know that all of the emissions from empty legs should be allocated to the

transported cargoes. Therefore, the question arising in this scenario is how to fairly

allocate the emissions from the empty legs. The Completeness principle dictates

that the emissions used for repositioning must be carried by the cargo owners.

However, they might not be willing to do so because an empty return trip generates

lower costs and emissions. If different types of cargoes are involved, this further

increases the complexity of the situation. In such cases, game theory can be used to

provide an upper bound.

We will not present more detailed discussion for last two scenarios in this paper.

For Scenario 4, relevant discussion can be found in the reference provided above,

while more discussion on Scenario 5 will be a part of our future work.
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Step 3: Calculation of the emission distribution Pm

Based on the analysis of allocation schemes, we can obtain the emission

distribution factor Pm, which indicates how much emissions should be allocated to

each type of cargo of the total emissions in a roundtrip. It means that the allocation

scheme used in this paper is a proportional allocation approach, the point of which

is to find a reasonable and accepted proportion, namely Pm for each cargo. Pm

can be expressed by the following formula based on the transport work of each

cargo type:

Pm ¼
P
ði;jÞ2Am

cmðQmijDijÞP
m2M

P
ði;jÞ2Am

cmðQmijDijÞ
ð2Þ

where,
X

m2M

Pm ¼ 1 ð3Þ

It can be noticed that for a single leg, the value of Dij can be removed from the

expression above. Moreover, if the quantity of a cargo does not change during the

voyage, we can simply use Qm instead of Qmij.

The value of the emission allocation factor cm can be understood as a coefficient

given to a type of cargo based on the characteristics of cargo itself and allocation

schemes. It could be different for the same type of cargo if the chosen schemes are

different. For instance, if the emissions are allocated by weight-based approach, the

value of this allocation factor given for heavy cargoes should be higher than that for

the light ones. For the first two scenarios, the emission allocation factor is

independent of allocation scheme:

• For Scenario 1, we can set that cm = 1.

• For Scenario 2, we have c1 = c2. This is because the types of cargo on the

forward trip and return trip are the same. In fact, we can set that the same value

for the same type of cargo.

For the other aforementioned scenarios, this value depends more on different

allocation schemes:

• For the partly uniform cargo described in this paper, as in Scenario 3 for

container shipping, Qmij is the number of TEU. According to the allocation

schemes, cm could be decided based on the average weight per TEU, the size of

different containers, or the freight rate per TEU. More discussion will be given

in an application example in the next section.

• In cases of multiple types of cargo, such as passengers and cars on a ferry

carrier, Qmij is the number of passengers or cars. The allocation factor cm can be

decided based on the average weight of each passenger or car, the total capacity

saved for passengers and cars (Hagemester and Kristensen 2011), or the

economic turnover on the basis of ticket price for each passenger and car (Fet

et al. 2000). For instance, Sandvik (2005) used a weight-based method to

allocate emissions for a ferry transport. Passenger vehicle unit (PBE) was

proposed as a transformed unit, which passengers and freight can be converted
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into. In their study, one PBE equals three transport units. Accordingly, one

passenger is considered to be 1/3 PBE or one transport unit, while one HGV

counts as 5 PBE or 15 transport units. A similar way of defining value of

this factor for ferry transport can be found in Hagemester and Kristensen

(2011).

Step 4: Calculation of unit emission for each type of cargo em

In this step, we allocate the total emissions to the different cargoes to obtain

the unit emission. The unit emission refers to emissions generated from the

transportation of goods or passengers by a specific means of transport and can be

expressed as emissions per ton-kilometer, per passenger-kilometer, or per container-

kilometer. Such information is necessary and helpful for companies who want to

compare emissions across multimodal logistics chains and to record and track their

performance over time. It also allows them to perform benchmarking against

competitors (Leonardi et al. 2010).

There are two ways of obtaining unit emission. One is voyage-based, and the

other is leg-based, which can be regarded as a special case of voyage-based method.

The unit emission according to a voyage-based method is given by:

em ¼
EPmP

ði;jÞ2Am
QmijDij

; m 2 M ð4Þ

The alternative, leg-based method, is useful, for instance, when the cargoes with

the same type belong to different cargo owners or have different transport

requirements in terms of delivery destination, or schedule. It can be expressed as:

ðemÞij ¼
EijPm

QmijDij

; m 2 M; ði; jÞ 2 Am; i; j 2 N ð5Þ

Here Eij refers to total emissions on leg ij.

Application examples

In this section, we give some examples of emission allocation applications for the

different scenarios mentioned above: a single cargo-type vessel without return

goods, a single cargo-type vessel with return goods, and partly uniform cargoes

(container shipping) (see Fig. 2). The first two examples constitute the most basic

logistics chain; hence, a complex chain could be a combination of these scenarios.

In the third example, the discussion could provide insight into the intermodal

logistics chain, as containers are the most common transport unit of an intermodal

logistics chain.

In all three cases, we assume there are two ports, namely port A and port B,

which means that i; j 2 N ¼ fA;Bg; ði; jÞ 2 Am ¼ fAB;BAg;m 2 M: For the first

two examples, we also assume that the quantity of this single cargo in a voyage does

not change, therefore, Qm can be used directly. A brief summary of the illustrated

cases is presented in Fig. 2. As discussed in terms of the four-step process, Fig. 3

provides an outline of these three scenarios.
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Single cargo with empty return

In this simple base case, we assume that only one type of cargo is transported from

port A to port B by the vessel. Because there is only one cargo type involved in this

base case, the emission allocation will be directly related to its characteristics. The

main question in this case is whether the cargo in the forward leg should also take

responsibility for the emissions generated during the empty return. According to the

Completeness and No Redundancy principles discussed above, all of the emissions

from a complete trip, including the empty return, are allocated to the transported

cargo. Therefore, for this scenario, the voyage-based allocation method can be

applied, that is the unit emissions are actually the average emissions from the

roundtrip. We first can obtain Pm = 1 for all potential methods. Then, the unit

emission for this cargo type m is:

Scenario 1-Simple Base Example:
• One single cargo ;
• Fully loaded on one way ;
• Empty return.
• e.g: iron ore , coal, grain transport

Scenario 2-Extension Example1:
• One single cargo ;

• Fully loaded on one way ;
• Partly or fully loaded return cargo .

Scenario 3-Extension Example 2:
• Partly uniform cargo ;
• Fully loaded on one way ;

• Empty return or with return cargo .
• e.g. Container shipping

Fig. 2 Outline of simple application examples

Step1: Calculation 
of the total 

emissions for the 
complete 

operations

Single type of cargo?

No

Yes

Alternative 1: To Allocate 
emission by using a voyage-

based method?

Alternative 2: To allocate the total 
emission by using a leg -based 

method?

No

To allocate the emission 
from the roundtrip to each 
type of cargo 

Yes

To allocate the em issions to 
each container only ?

Yes

To allocate the 
emissions to each 
container 

Yes

Step 1: To allocate the emission to each container first
Step 2: To allocate this amount of em ission to each 
specific cargo inside based on the characteristics of cargoStop

Start

No

Partly uniform cargo 
(Container )?

Step 2: Definition of 
the scenario for the 

simple example

Step 3: Analysis of 
allocation schemes 
and calculation of 

Pm

Step 3: Analysis of 
allocation 

schemes and 
calculation of Pm

Step 4: 
Calculation of unit 

emission

No

No

Fig. 3 Emission allocation process for the illustrated examples
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em ¼
EAB þ EBA

QmDAB

; m 2 M ð6Þ

For illustration, we take iron ore transportation as an example. This usually

involves full shiploads and an empty return. We assume that Eij = Eji = E, Q1 =

Q, Dij = Dji = D, i; j 2 N ¼ fA;Bg; ði; jÞ 2 A1 ¼ fAB;BAg: We allocate the emis-

sions based on weight because iron ore (cargo 1) is a type of weight-sensitive

commodity, and we obtain the unit emission for this roundtrip:

e1 ¼
EAB þ EBA

Q1DAB

¼ 2E

QD
¼ 2e ð7Þ

Here, to make it simple to compare unit emissions across alternative allocation

schemes, we define E
QD

= e.

Single cargo-type vessel with return goods

Scenario 2 is an extension of Scenario 1. In general, the types of cargo on the

forward and return routes are the same, as in ‘‘one ship one cargo‘‘ transport. This

means that the same method can be applied to both legs, which helps simplify the

allocation process. For the first alternative, voyage-based method, the unit emission

can be expressed as follows:

e1 ¼
EP1

Q1DAB

; e2 ¼
EP2

Q2DBA

ð8Þ

where

P1 ¼
Q1DAB

Q1DAB þ Q2DBA

; P2 ¼
Q2DBA

Q1DAB þ Q2DBA

ð9Þ

with c1 = c2.

The alternative is the leg-based method, by which the unit emissions of the

forward trip and the return trip are calculated individually:

ðe1ÞAB ¼
EAB

Q1DAB

ð10Þ

ðe2ÞBA ¼
EBA

Q2DBA

ð11Þ

where P1 = P2 = 1.

We use the same example for the one without return goods above for illustration.

Now, we assume that the shipping company does find additional cargo for the return

trip, which is also a type of heavy goods with a weight of 1/2Q. The amount of

emissions from this return trip EBA is assumed to be E as above: c1 = c2, P1 = 2/

3, P2 = 1/3.

e1 ¼
2EP1

QD
¼ 4

3
e ð12Þ
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e2 ¼
2EP2

1
2

QD
¼ 4

3
e ð13Þ

We also can allocate the emission based on the second alternative, according to

Eqs. (10) and (11) above, we get the unit emission for each cargo on each leg:

e1 ¼
E

QD
¼ e ð14Þ

e2 ¼
E

1
2

QD
¼ 2e ð15Þ

If we compare the results from these two methods, we can find there is an

apparent difference because of the utilization of two legs. If the utilization factor

was 100 % on both the forward and return leg, they would give the same result for

both the forward and return cargo owner. However, if the return cargo utilization

factor is \100 %, they will differ. Moreover, both methods are easy to implement

and adhere to the basic principles such as Completeness, No Redundancy, and

Individual Rationality. In terms of Motivation principle, it will play differently

depending on the stakeholders’ perspective. Both schemes motivate the forward

cargo owner to seek return cargo, but he will be better off with the leg-based

allocation. However, for the system as such, the voyage-based allocation will be

best with respect to Motivation, since both actors will gain from an increased

utilization rate from the other part.

Partly uniform cargoes

In this section, we discuss the third scenario and use container shipping as an

example of a partly uniform cargo type. Containers are a type of package with

standard sizes (i.e., 20- and 40-ft containers) that are considered uniform. In

contrast, cargoes inside a container could have different characteristics and they

could be weight-sensitive, volume-sensitive, or value-sensitive in nature. Thus, they

are considered partly uniform. As a consequence, the emission allocation has two

steps: first, the emissions are allocated to each container, and second, they are

further allocated to the different cargoes inside the containers. The return cargo is

another key issue to be considered in container shipping. This case is of practical

significance in the maritime logistics chain and deserves careful attention. One

reason is that container shipping represents a major mode of maritime transportation

in terms of both geography and trade volume. In general, return trip utilization could

account for 20–70 % of the total DWT capacity (Asbjørnslett et al. 2010). Under

such circumstances, if we can increase the utilization of those return trips, we have

the potential to decrease the unit emission of container shipping and thereby

improve the environmental efficiency.

We start with a simple example first. We assume that there are several different

cargoes in a certain number of containers that need to be delivered from port A to

port B by a container vessel. These cargoes have different characteristics in terms of

weight and monetary value, but all are transported in 20 ft containers. We consider

four different types of containers: light and heavy containers of high value and light
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and heavy containers of low value (see Table 3). First, we calculate the total

emissions from transport by this vessel according to input parameters, such as fuel

type, daily fuel consumption, distance of the chain, and vessel speed (Kontovas and

Psaraftis 2011). Then, different methods can be used to allocate the emissions on the

basis of container characteristics (volume or size, weight and value), and other

factors such as quantity. The value of cm differs based on the volume, unit weight,

and unit value of each type of container. In this case, since we assume all the

containers are 20 ft, the value of cm is the same for all types of containers when a

volume-based method is used. But this value is varying across different types of

container when a weight-based or value-based method is used. Accordingly,

emission distribution Pm can be obtained (see Fig. 4). More detailed discussion on

the selection of these two factors is given in the following part of this section.

From Fig. 4, we find considerable differences between these three methods of

emission allocation in container shipping. This means that the final selection of the

approach has a significant impact on the emission footprint of different cargoes.

Moreover, if the cargoes belong to different owners, these owners might have

distinct preferences with respect to their own interests. Thus, several questions arise

here: Which method should be selected to make a sensible allocation, especially

when those containers or cargoes belong to different cargo owners? In such a

situation, should we allocate the emissions using a voyage-based or leg-based

method? For the partial return trip, where empty containers may also account for a

Table 3 Exemplary of input

data
Combination of

weight and value

Inputs

Quantity (TEU) Unit weight (ton) Unit value

1. Light-high 150 15 1,000

2. Light-low 200 15 200

3. Heavy-high 250 20 600

4. Heavy-low 400 20 300

Fig. 4 Results of three different emission allocation approaches
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large portion of the total number of containers in a given trip, who should take care

of the return cargo and/or empty containers? How much should they take? We

discuss alternative emission allocation policies for container shipping in this

section.

Container shipping with empty return

In this case, we have m 2 M ¼ f1; 2g = {Heavy container, Light container }, and

i; j 2 N ¼ fA;Bg; ði; jÞ 2 Am ¼ fAB;BAg: Then, Q1ij refers to the number of heavy

containers on leg ij and Q2ij is the number of light containers on leg ij.

In the first step, using the voyage-based method, we can calculate Pm in the

following way:

Pm ¼
cmQm

c1Q1AB þ c2Q2AB

; m 2 M ¼ f1; 2g ð16Þ

According to the allocation scenarios presented in the above section, cm could be

decided based on the average weight, size (TEU), or freight rate of each type of

container. The first option is based on the weight of each container. However, this

method is not always suitable to represent the operation practices of container

shipping because its weight is not the main restriction of capacity utilization in most

cases. Another simple alternative could be volume-based (size-based) because this

container is a type of standard package. We can assume that cm for 40 ft container is

twice as that for 20 ft container (c40 ft = 2 c20 ft). Moreover, if we choose economic

value of each container, for example, the relevant data may not be so easily

accessible. Therefore, the volume-based method is recommended for use in

container shipping in most cases when allocating emissions to each container. We

can obtain the emissions per container directly based on Eq. (4).

So far, this allocation is as simple as in the first case discussed and the only

difference is that the cargo at this stage refers specifically to the container. In some

cases, this type of allocation may be enough because the container is the actual

handling and transportation unit. However, more detailed allocations may be helpful

when the cargoes belong to different cargo owners. Some cargo owners need to

know the emissions of one specific product for the entire life cycle, including

transportation. Under such circumstances, the second step is needed.

In general, container cargo can be divided into different classes according to their

suitability for container shipping and in terms of technological and economic

feasibility. There can be various types of cargo, such as coffee, electronics, alcohol,

pulp and cars. We can see that the difficult aspect in this case is that the cargoes in a

container may have different characteristics. One method of approaching this

allocation is based on the freight rates of different cargoes within each container. In

general, a shipping company sets freight rate charges according to the following

rules:

• ‘‘W‘‘—based on gross weight

• ‘‘M’’—based on volume

• ‘‘W/M‘‘—based on the weight and volume (the higher one is chosen to use)
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• ‘‘Ad.Val.’’—based on FOB (Free on Board) price of the cargo

• ‘‘Ad.Val. or W/M‘‘—based on FOB price, weight and volume (the highest one is

chosen to use).

We therefore find that when a shipping company implements different freight

rate charges for different cargoes, various cargo characteristics have already been

taken into account. Hence, the freight rate could be used as a basis for calculating cm

in this step, representing a value-based approach.

Another important issue is how to allocate emissions from empty containers.

According to the principle of Completeness described in the second section, all

emissions should be allocated to the transported cargoes. Therefore, it is not sensible

to allocate emissions directly to empty containers because there is no real cargo

inside. We suggest allocating this portion of emissions to other non-empty

containers on the same roundtrip. It is reasonable to figure out the real owner of

these empty containers in this shipment period and allocate this part of emissions to

the related cargoes. The same way of allocating emissions among other non-empty

containers in this shipment can be applied.

We return to the example from the beginning of this section. We assume that

there exist 400 TEU empty containers belonging to the same cargo owners of Light-

High containers during this shipment (see Table 4). Accordingly, the emissions

Table 4 Input data with

empty containers
Combination of

weight and value

Inputs

Quantity (TEU) Unit weight (ton) Unit value

1. Light-high 150 15 1,000

2. Light-low 200 15 200

3. Heavy-high 250 20 600

4. Heavy-low 400 20 300

5. Empty 400 2 10

Fig. 5 Results of emission allocation with empty containers
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from empty containers are allocated to these Light-High containers. The new

result is presented in Fig. 5. We can find that an apparent change happens to the

volume-based allocation scheme among these four types of non-empty containers

because of the large number of empty containers. On the other hand, since the

value of empty containers is limited, there is almost no change in the result based

on the value-based scheme. It is noted that the reallocated results could be

different if these emissions from empty containers are assigned to other non-empty

containers.

Container shipping with return goods

In this section, we discuss the scenario of container shipping with return goods. The

same assumption as above can still be applied in the example here.

For the voyage-based method, in which the emissions from the complete

roundtrip are allocated and shared by each cargo type, Pm can be obtained based on

Eq. (2).

Accordingly, the unit emission for each type of container can be expressed as

follows:

em ¼
EPm

QmABDAB þ QmBADBA

; m 2 M ¼ f1; 2g ð17Þ

For the leg-based method, the unit emission of each container can be obtained in

the following way. The emission distribution is calculated as follows:

ðPmÞij ¼
cmQmAB

ðc1Q1ABþr2Q2ABÞ ; if on leg AB

cmQmBA

ðc1Q1BAþr2Q2BAÞ ; if on leg BA

8
<

: ð18Þ

Here (Pm)ij refers to the allocation distribution for cargo m on leg ij.

Then, the unit emission of each type of container on each leg is:

ðemÞij ¼
EijðPmÞij
QmijDij

; m 2 M ¼ f1; 2g; ði; jÞ 2 Am ¼ fAB;BAg ð19Þ

Both approaches involve reasonable calculations and conformation to the

Consistency, Completeness and No Redundancy principles. In this case, we should

thus pay more attention to the principles of Individual Rationality and Motivation to

determine which method is most helpful for the improvement and subsequent

benchmarking. The cargo owners could be different for the forward and return

routes. Their different requirements for cargo type, quantity, and timing vary greatly

and have an impact on the choice of vessel speed, fuel type, cargo handling rates

and other input parameters. This leads to different emissions on these two legs.

Therefore, when we allocate the emissions to each container or to cargoes inside the

container on each leg individually, we can search for better solutions to

environmental efficiency improvement and, at the same time, satisfy the various

requirements.

We provide a brief summary of these three allocation schemes in Table 5.
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Conclusion and future work

In this paper, we have developed a number of general principles to which such a

scheme should adhere to determine the appropriateness of a certain allocation

scheme for a given scenario. These principles include the Completeness, No

Redundancy, Simplicity, Fairness, Individual Rationality, Motivation, and Consis-

tency. We believe these principles are universal and are relevant not only for the

Table 5 Summary of different allocation methods for illustrated examples

Application 
examples Allocation schemes Remarks on application 

examples

1

Single cargo-
type vessel
with empty 
return All emissions from the complete roundtrip are 

allocated to each cargo unit of the single type of 
cargo transported on the forward trip.

All emissions for a 
complete trip, including 
the empty return, should 
be allocated to the 
transported cargo. The 
real-life cases can be 
based on iron ore, coal, 
and grain transport.

2

Single cargo-
type vessel
with another 
return 
cargo; 
one type of 
cargo is 
involved in 
the entire trip

Alternative 1 – A voyage-based method:
All emissions from the complete roundtrip are 
allocated and shared with the total cargo 
transported.

• Weight-based: The allocation is based on 
the weight of each cargo;

• Volume-based: The allocation is based on 
the capacity of the vessel used for each 
cargo type;

• Value-based: The allocation is based on the 
economic value.

Alternative 2 – A leg-based method:
Emissions are allocated among the forward and 
return leg and are divided by their respective 
transport work. We determine the unit emission for 
each cargo on each leg separately.

For this relatively simple 
logistics chain, the unit 
emission based on the 
completed round trip 
(Alternative 1) is the 
preferred means of 
allocation.

3

Partly uniform 
cargo 

In this paper, we use container shipping as an 
example.
Alternative 1 – A voyage-based method:
In general, the emissions are allocated to each type 
of container first. Then, the emissions of each 
container can be allocated to the cargoes in the 
container if necessary.

• Weight-based: The allocation is based on 
the average weight of the full container and 
the empty container;

• Volume-based: The allocation is based on 
the container size (20 ft = 1 TEU and 40 ft = 
2 TEU);

• Value-based: The allocation is based on the 
economic value (for instance, freight rate) of 
each container.

Alternative 2 – A leg-based method:
The allocation is accomplished in the same way as 
performed for the entire trip. We generate the unit 
emission for each type of container on each leg 
separately.

For a complex logistics 
chain such as container 
shipping, we can allocate 
the emissions based on 
each container or the 
cargoes inside on each 
individual leg (Alternative 
2). In this way, we can 
search for the better 
solutions to 
environmental efficiency 
improvement while 
satisfying the various 
proposed requirements.
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allocation schemes discussed in this paper but also for the validation of a more

complex, compound scheme for multimodal logistics chains.

We have also proposed alternative emission allocation schemes for maritime

logistics chains. A systematic approach based on set of fundamental principles

provides a clearer responsibility of carbon emissions and a stronger motivation for

emission reduction. Furthermore, we have discussed alternative allocation schemes

for different scenarios. These scenarios include a single type of cargo with empty

return, a single type of cargo with return cargo, and partly uniform cargo, with and

without return cargo. Based on the application examples for these three scenarios,

we have concluded that the emissions from the empty return trip should be allocated

to the cargoes on the forward trips. For the logistics chain with return cargoes, it is

better to allocate the emissions based on averages in terms of environmental

efficiency improvement. Moreover, for the scenario of partly uniform cargo (and

especially container shipping), we have proposed a specific two-step process and

recommended emission allocations to each leg individually since many input

parameters impact the environmental efficiency of the container-shipping network.

The focus in this paper has been on the sea transportation leg of the logistics

chain. Future work needs to extend this by addressing multimodal logistics chains.

This will require the handling of complex multi-stage movements with numerous

service providers and transportation modes. Additionally, allocation schemes

relevant for the repositioning problem needs to be further developed. Finally, our

contributions to the field of emission allocation should be combined with additional

cost allocation schemes, thus providing a complete framework for the benchmarking

and improvement of maritime logistics chains.
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