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Operational and tactical levers to reduce carbon emissions in it
temperature-sensitive freight transportation for pharmaceuticals

Summary

Carbon emissions are surging worldwide, with mounting political targets and shareholder
pressure driving decarbonization efforts across all sectors. The temperature-sensitive phar-
maceutical industry is particularly carbon-intensive, partly due to its reliance on carbon-
intensive air transport. As pharmaceutical companies predominantly outsource transporta-
tion services, they have become increasingly interested in understanding how to minimize
emissions from shipping their goods. Consequently, we introduce a carbon estimation and
allocation tool tailored to cold-chain logistics for pharmaceuticals, addressing several unique
aspects not considered in previous studies, such as incorporating network-level emissions
for cooling container provision and a more granular approach for estimating transportation
emissions. Applying the tool to a series of case studies, we discover that cooling containers
with a lower weight and a higher ratio of usable interior volume to outer container volume
have a lower carbon footprint, primarily due to reduced emissions from airfreight. In addi-
tion, the optimal container choice depends on the shipment size to maximize the container
fill rate. Moreover, the provisioning of cooling containers to alleviate network imbalances
via maritime or airfreight should be thoroughly assessed, as it may significantly increase a
shipment’s carbon emissions.

1 Introduction

End of March 2023, the Intergovernmental Panel on Climate Change (IPCC) issued another
dire outlook on irreversible losses and damages to nature and people caused by human-
induced climate change (Lee et al., 2023). The IPCC report reiterates the importance of
immediate action to limit global warming to close to 1.5 °C in the near-term to substan-
tially reduce projected losses and damages related to climate change. As a result, carbon
emissions need to be curbed across all industries and sectors.

One sector that has received relatively little attention on curbing carbon emissions, is the
pharmaceutical sector (Belkhir and Elmeligi, 2019). The healthcare and pharmaceutical
sectors are corner stones for the well-being of modern societies, and inhibit a high car-
bon emissions footprint. Karliner et al. (2019) estimate the health care’s climate footprint
to be around two gigatons of CO,-equivalent, representing 4.4% of global net emissions.
Of these, around 200 megatons of CO,-equivalent, are estimated to be assigned to the
global biotechnology and pharmaceutical industry (Connelly et al., 2021), which as a re-
sult has a >50% higher carbon intensity than the automotive industry (in 2015) (Belkhir
and Elmeligi, 2019). Moreover, Belkhir and Elmeligi (2019) suggest a disparate set of en-
vironmental practices within the industry as the Top-15 pharmaceutical companies have a
greater variability than the compared Top-10 automotive companies. At the same time, the
pharmaceutical sector is predicted to grow rapidly over the next decade, with growth rates
of over 10% per year (Grand View Research, 2021).

This high carbon intensity paired with the rapid and ongoing growth of the pharmaceutical
and biotechnology sector calls for increased efforts to reduce emissions (Milanesi, Runfola,
and Guercini, 2020), in particular since the majority of companies within the biotechnology

30f22



Operational and tactical levers to reduce carbon emissions in it
temperature-sensitive freight transportation for pharmaceuticals

and pharmaceutical industry do not have climate commitments aligned with a 1.5 Celsius
world (Connelly et al., 2021). The predominant source of emissions in the biotechnology
and pharmaceutical industry of their emissions come from Scope 3 (in particular purchased
goods and services as well as the use of sold goods), which are nearly five times larger than
Scope 1 and 2 emissions combined (Connelly etal., 2021). As aresult, pharmaceutical com-
panies are trying to reduce their Scope 3 emissions throughout, which includes investigat-
ing the transportation of goods from centralized manufacturing sites to global distribution
centers. In particular the amount of temperature-sensitive pharmaceuticals (such as vac-
cines, cancer medicine, and blood plasma) needed to be transported by carbon-intensive
air freight are rising.

Consequentially, pharmaceutical companies aim to reduce their emissions by improving
processes and products as well as choosing carriers and Logistics Service Providers (LSPs)
with reduced climate impact. We aim to support and guide this decision-making process by
providing a tool that map the door-to-door emissions of transporting temperature-sensitive
pharmaceuticals. First, we provide a tool that extends previous work on estimating and al-
locating carbon emissions from logistics by tailoring it to the specific case of temperature-
sensitive pharmaceuticals using air-freight. We integrate sector-specific product-level and
network-level characteristics like calculating emissions from reverse logistics of cooling
containers or accounting for the volume constraints of airfreight. Second, we use the tool to
generate a series of case-studies to highlight the trade-offs and implications for the trans-
portation of temperature-sensitive goods.

The remainder of the paper is structured as follows. Section 2 provides an overview of the
existing work on measuring and reporting carbon emissions from transportation services.
Section 3 introduces our proposed tools for analysing the footprint of cold-chain logistics
for pharmaceuticals. A set of detailed case-study on levers to reduce carbon emissions
follow in Section 4. We conclude with summarizing our work and proposing future research
directions in Section 5.

2 Existing Work

This section reviews the existing work on estimating and allocating carbon emissions in
transportation and supply chains. In Section 2.1 we briefly introduce the background and
main concepts on estimating and measuring any carbon footprint, and in Section 2.2 we
summarize the main sources of emission in logistics. We then review existing frameworks
and standards for emissions reporting and allocation in logistics in Section 2.3 before pre-
senting current work specific for the context of cold-chain logistics in Section 2.4. In Section
2.5 we highlight the main research gaps addressed by our work.
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2.1 Methodologies for measuring the carbon
footprint of products and processes

This section provides a general overview of carbon footprinting methodologies in supply
chains. It is based primarily on Boukherroub et al. (2017). A carbon footprint can be mea-
sured on three dimensions: an organization, a value chain, or a product. The organizational
carbon footprint accounts for emissions from all activities undertaken by the organization,
such as energy use in buildings, industrial processes, and company vehicles. On the other
hand, the value chain carbon footprint includes emissions from both upstream and down-
stream activities, such as those from suppliers and consumers, and it takes into account
the entire life cycle of the product. Lastly, the product carbon footprint measures the emis-
sions generated over the entire life cycle of a single unit of product and are typically eval-
uated through a life-cycle assessment (LCA). The main framework and seminal concept
for accounting for carbon emissions is the Greenhouse Gas Protocol (GHGP). It is com-
posed of seven standards, of which two are directly related to supply chains: the corporate
standard (Scope 1 and 2) and corporate value chain standard (Scope 3 standard). There
are various methods for measuring carbon emissions: 1) direct measurement, 2) energy-
based calculations, 3) activity-based calculations, 4) economic input-output life-cycle as-
sessment (EIO-LCA).

1) direct measurement has the lowest level of extrapolation and is mostly applied to produc-
tion sites subject to environmental regulations and using continuous emission monitoring
systems. Emissions recorded from direct measurement are generally only applicable for
a share of Scope 1 emissions. In 2) energy-based calculations, the carbon emissions are
based on mass balance or theoretical combustion specific to a facility or a process. It mainly
applies to fuel consumption and is generally available for a share of Scope 1 and Scope 2
emissions. It is the most accurate and desired way of calculating carbon emissions from
freight transportation, yet requires specific access to fuel consumption data. 3) activity-
based calculations aims to derive emissions from activity information by using conversion
factors. It is the most common approach used to calculate carbon emissions because of
its simplicity and the implementations differ by granularity of the data. Last, 4) EIO-LCA
aims to convert the expenditures by a company in a given industry sector into an average
amount of carbon emissions. While simple to apply, it may show high fluctuation depending
on the economic situation and may only account for “cradle-to-gate" upstream emissions.
The four approaches above differ by level of extrapolation involved, and therefore by accu-
racy, scope and simplicity. More accurate estimation techniques like 1) direct measurement
and 2) energy-based calculations are usually more favourable. However, the necessary data
might not be available or too expensive to acquire. As a result, a simpler approach for the
benefit of broader scope may be chosen, as has often been observed in logistics services
(see following Section 2.2).

2.2 Greenhouse Gas Emissions in Logistics
This section provides a brief review on carbon emissions in logistic processes and is mostly

based on Blanco and Sheffi (2017). Emissions from logistics are predominantly related to
the combustion of fuels during freight transportation and may be complemented by indirect
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emissions from cooling of goods or operating logistics facilities. The most reliable approach
to measure primary greenhouse gases from transportation is energy-based calculation by
determining emissions based on the types and volumes of fuels consumed. However, de-
spite being the most accurate methodology, energy-based calculation is often not feasible
duetolack of the appropriate data. Fuel purchasing data may be available to individual truck
owners, but it is often not accessible to third-party logistics providers, manufacturers or re-
tailers who make logistics decisions. Moreover, logistics decisions are made at the shipment
level (e.g., box, container, carton, pallet) or at another planning metric (e.g., kilogram, cu-
bic feet, or tonne), and not at the conveyance level (e.g., truck, plane, vessel). The most
widely used method for estimating carbon emissions from logistics is the use of activity-
based calculations. They are leveraged using “emission factors”, which convert an activity
into Greenhouse Gas (GHG) emissions. They are simple to use, and sensitive to the choice
of fuel emissions factors. The two most widely used activity-based methods in logistics
processes are distance-based and weight-distance-based. Distance-based emission esti-
mation is the most simple method but inadequate when using shared modes of transporta-
tion, thus the emissions related to a specific amount of goods shipped. Weight-distance
based methods are expressed in ton-miles/ton-kilometres and are useful when compar-
ing different modes and the efficiency of goods moved. However, weight-based emissions
factors may be not well suited for low-density goods or modes with tighter volume than
weight constraints, as they ignore the volume dimension and therefore may underestimate
emissions. One of the main complexities in estimating and allocating carbon emission from
freight transportation is the distinction between individual lanes and an entire network. Lo-
gistics service providers, decide on their lanes based on aggregated demand dynamics to
optimize the flow in the whole network. When outsourcing shipments to a LSP and aiming
to incorporate their emissions into the decision-making, looking at individual lanes or ship-
ments could therefore be inaccurate and it may be more insightful to look at the emissions
of a carrier’s entire network.

2.3 The path to a unified standard for emissions
reporting and allocation in freight transportation
and logistics

The need for carbon estimation and allocation frameworks for transportation and logistics
has arisen due to the sector’s inherent emissions intensity and its projected growth. How-
ever, accurately measuring the emissions for the logistics sector is complex, as the sector
is highly fragmented, in-transparent, and technologically diverse. As a result, manifold car-
bon estimation and allocation frameworks have emerged to address the complexities of the
logistics sector in the last decade. The myriad of methods have called for a stronger harmo-
nization of logistics and supply chain emission estimation methods (Davydenko et al., 2014;
Wild, 2021), which ultimately led to the creation of a new global standard ISO 14083:2023
by the International Organization for Standardization (ISO) for quantifying and reporting
greenhouse gas emissions arising from transport chain operations (ISO, 2023). In a 2021
review on carbon estimation and allocation frameworks for the logistics sector then, Wild
(2021) presents eighteen standards and frameworks that are commonly used, of which we
will briefly introduce the most relevant.
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The US Environmental Protection Agency (EPA) introduced the SmartWay Transport pro-
gram in 2004 for tracking, documenting and sharing information about fuel use and freight
emissions across supply chains. The predominant goal of the program is to help companies
identify and select more efficient freight carriers, transport modes and operational strate-
gies to lower the environmental footprint. It mainly focuses on North America. The Eu-
ropean Standard EN-16258 (CEN, 2012) has been the first international and multimodal
emissions calculation standard. It provides a common methodology for energy consump-
tion and GHG emissions to passenger and freight transport services. The Carbon Footprint
of Freight Transport (COFRET) project, partially-funded by the European Commission, pro-
vides a comparison of then-existing methods and standards to remove uncertainty over cal-
culating carbon footprint for freight transport (COFRET, 2014). It also served as basis for the
International Workshop Agreement (IWA) 16:2015 (ISO, 2015), which provides a frame-
work for coherent quantification of CO, emissions of freight transport on the level of opera-
tion of transport chain element, the level of network including company level and the level
of cargo. In addition, the Smart Freight Centre has led the formation of the Global Logistics
Emissions Council (GLEC), a consortium of academia, companies and associations. They
published the GLEC framework for Logistics Emissions Accounting and Reporting (Smart
Freight Centre, 2019). The framework leverages and partially harmonizes existing methods
like EN16258 or SmartWay and aligns with global reporting protocals like the GHG Pro-
tocol or the Carbon Disclosure Project (CDP). Due to its simplicity and the broad support
from industry, it has now been one of the most widely used reporting standards in logistics.
Moreover, GLEC and IWA 16:2015 form the basis of the newly introduced ISO 14083:2023
standard for carbon emissions in logistics. ISO 14083:2023 has become the new de-facto
standard for the quantification and reporting of GHG emissions for transport chains for pas-
sengers and freight. It aggregates and synthesizes the accumulated knowledge of over a
decade of estimation and reporting standards for carbon emissions in logistics. To account
for the manifold logistics operations, from multinational organizations leveraging multiple
transport modes to ship goods globally, through local carriers delivering a simple service to
a single user, it has been designed to ensure broad applicability (ISO, 2023).

2.4 Extant work on cold-chain logistics from practitioners

Concurrently to the development of general carbon estimation frameworks in transporta-
tion and logistics, a handful of studies investigated in more detail the emissions of cold-
chain logistics for pharmaceuticals and in particular the role of the cooling containers used.
myclimate (2018a), myclimate (2018b), and myclimate (2022) provide carbon footprint
analyses for several cooling containers leveraged for transporting temperature-sensitive
pharmaceuticals, commissioned by the company SkyCell. They leverage a LCA approach
to determine the emissions of a cooling container from fixed manufacturing and end-of-life
emissions as well as variable preconditioning and transportation emissions. They compare
the different cooling containers by normalizing the emissions over the usable volume of
each container to account for different product densities as well as the durability of the
container to account for their potential reusability. They calculate the emissions of the con-
tainer components as well as the transport assuming long-distance air travel via standard-
ized emissions databases. Wildhaber and Stoelzle (2020) leverage a different approach for
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estimating carbon emissions from transport. They use a volume-weight ratio to calculate
the marginal emissions per payload tonne. The authors calculate the total emissions for a
plane flight and assume the plane to be filled with only one container type. They then divide
these emissions by the total amount of the weight or volume transported. They compare
nine different container types by their economic viability as well as their CO, footprint. Fixed
product emissions are taken from myclimate (2018a) and myclimate (2018b). Peli BioTher-
mal (2021) builds on top of the results from Goellner and Sparrow (2014) and compares the
emissions of single-use vs. reusable containers. They perform their own LCA for product-
level emissions and calculate the average emissions based on thousands of shipments for
clinical trials. Last, va-Q-tec (2021) introduce a framework to calculate the life-cycle emis-
sions of thermal packaging solutions. They base their method off the GHGP and define emis-
sions based on the different scopes. Moreover, they separate emissions into fixed (product
related) and variable (use-phase related) emissions. Contrary to most other studies, they
use pure distance-based emissions factors for calculating emissions from transportation.
In addition, they include a distinction in the carbon footprint method of two business models
that incorporate reverse logistics: a) monthly rentals of cooling units (relocation via plane)
and b) One-way trip rental (relocation via Ship).

2.5 Research gap

There has been a growing body on estimating and allocating carbon emissions from logis-
tics processes for increased transparency and easier reporting. The newly published ISO
14083:2023, as new de-facto method, provides a general standard to calculate and report
carbon emissions for any transportation operation. However, the high level of aggregation
of versatile standards may provide limitations for identifying tactical and operational levers
to reduce carbon emissions. For example, calculating transport emissions solely via emis-
sions factors based on tonne-kilometres transported may ignore product- and network-
level characteristics that reduce the number of vessels needed and thus the total emissions
of a system. Moreover, there have been a handful of studies that focus on the specifications
of the transport of temperature-sensitive pharmaceuticals. However, they lack an overar-
ching analysis on which container, network or carrier characteristic to focus on when facing
the decision of how to transport temperature-sensitive goods based on their carbon foot-
print. Moreover, the methods applied make simplified assumption about the transportation
process and ignore network effects for the container re-balancing.

This research aims to complement existing work on estimating and allocating carbon emis-
sions for the transportation of temperature-sensitive pharmaceuticals by providing a tool
that aims to guide and inform the decision-making process of any shipper. More specifically,
we provide a tool that specifically addresses the practitioners’ need for a decision-support
tool in multiple ways:

e we provide a door-to-door carbon emission estimation and allocation tool that helps
shippers decide on which transportation service to choose for their pharmaceutical
products

e we address emissions from container positioning flows on the network level. While
some studies have incorporated emissions from repositioning containers from the des-
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tination point to the origin point, container flows often happen throughout the network
and may not therefore be simply assumed to have the same return way. We therefore
introduce the concept of provisioning emissions, that indicate the emissions associ-
ated with providing a container from the origin point in the first place

e we account for product-level features like the temperature excursion rate to accurately
account for the longevity of product emissions for reusable containers throughout their
lifetime

This research is not intended to introduce yet another allocation standard or framework,
even less so as a global ISO standard for reporting carbon emissions from logistics opera-
tions has just been released. We instead intend to provide complementary intuition and a
first of many decision-support tools that go beyond the first step of aggregated emissions
reporting and aim to inform how tactical and operational decisions may reduce an opera-
tion’s carbon footprint.

3 Methodology

This Section introduces the methodology for estimating and allocating carbon emissions in
the door-to-door transport of temperature-sensitive pharmaceuticals. The main compo-
nents for calculating the emissions of a specific shipment are based on two components.
First, the fixed emissions of the packaging solution. Second, the variable emissions during
the transport. The following Sections provide an overview of each component, Section 3.1
introducing the fixed emissions, mostly product-related, and Section 3.2 covering the vari-
able emissions, mostly transport-related. Section 3.3 combines the two component into an
overall function to calculate the emissions.

3.1 Fixed emissions

The fixed emissions component for the transport of pharmaceuticals is primarily the car-
bon footprint of the containers used to transport the temperature-sensitive products. Three
types of packaging solutions are most commonly used, differentiated by their cooling tech-
nology: active, passive and hybrid containers. Active containers use an active cooling tech-
nology such as electrical cooling systems or cooling with dry ice. They tend to have an ac-
tive temperature control, that adjusts the temperature inside the container for a specified
temperature range. They are primarily reusable, as they have costly battery components
and electronics to operate the cooling. Passive containers, primarily cool their products by
water-filled components, dry-ice, phase change material (PCM) as well as additional insu-
lation. They are available in disposable and reusable forms. Hybrid containers are a com-
bination of active and passive and can be used multiple times. They do not have an active
cooling unit, and keep the temperature steady through a combination of insulation and PCM.
They are called hybrid since they may re-charge in ambient temperatures.

We assume a cradle-to-grave consideration for the system boundaries of calculating the
carbon emissions and thus calculate the carbon footprint of the packaging solution from
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the emissions of raw materials extraction, the production as well as the end-of-life pro-
cesses. Emissions from the use-phase are covered in Section 3.2. Going into detail of the
components of the LCA for the fixed emissions is outside of the scope of this document.
In a first step, we therefore require the fixed emissions to be available for each packaging
solution based on external audits complying with ISO 14040:2006. In a second step, we
normalize the fixed product-level emissions based on their expected lifetime. As we esti-
mate the emissions for one specific shipment, the fixed emissions for a container ought to
be divided by the number of expected shipments per lifecycle. For single-use containers,
the fixed emissions are therefore attributed completely to one shipment, as they are being
disposed of at the end of the shipment. The emissions of multi-use containers, however,
are distributed among their lifecycle. We summarize the fixed emissions based on Equation
1:

CO, emissions from extraction of raw materials, production, and end-of-life
Number of shipments per lifecycle
1

Fixed Emissions =

3.2 Variable emissions

We define the variable emissions component as the emissions associated to the transporta-
tion of the containers as well as the preconditioning of the containers (see Equation 2).

Variable Emissions = CO, emissions from transportation + CO, emissions from pre-conditioning

(2)

The pre-conditioning of containers varies depending of the technology used, as active con-
tainers use the cooling technology in the container, while passive and hybrid containers are
cooled in a cold storage. The emissions therefore stem in both cases from the electricity of
the local grid. The preconditioning emissions are therefore part of the variable emissions,
as they depend on the temperature range associated with a specific transport as well as
the origin location where the electricity originates from. Similar to the fixed product emis-
sions in Section 3.1, the exact calculation of the preconditioning emissions lies outside of
the scope of this project. As an example, however, myclimate (2018a) determine the power
consumption needed to precondition active and hybrid containers for a given temperature
range and estimate the emissions based on emission factors for power mixes in countries
of origin. The variable emissions stemming from the transport of the pharmaceuticals rep-
resent the largest share of emissions (c.f., myclimate (2018a), myclimate (2018b), and va-
Q-tec (2021)). The high share of emissions from transport can be assigned to using air-
freight as primary mode of intercontinental transport, as the temperature-sensitive goods
are highly valuable and vulnerable to spoilage based on temperature excursion and should
therefore only be transported as short as possible. In this study, we investigate the door-
to-door transport chain of a pharmaceutical as depicted in Figure 1 with seven nodes and
four main legs:
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Figure 1: Illustration of the transportation chain for temperature-sensitive pharmaceuticals

Subsection 3.2.1 describes how to conceptualize the emissions from provisioning as first
leg, while Subsection 3.2.1 presents the positioning, main carriage and the return. Sub-
section 3.2.3 describes how we calculate the emissions per transport mode in each of the
legs.

3.2.1 Emissions from provisioning emissions

The provisioning of a container describes the process of providing a container to the origin
service center. In the case of single-use containers, this may involve the transportation of
the containers from the production facility to the storage center. In the case of multi-use
containers this may involve the shipment of empty containers across a network of service
centers. We conceptualize the emissions from provisioning in the context of reverse logis-
tics and differin two ways from the existing work on allocating emissions to reverse logistics.
First, we allocate emissions from reverse logistics based on the origin service center, and
not based on the destination service center. This is different from other studies, who ac-
count the reverse logistics to occur at the end of a shipment. va-Q-tec (2021), for example,
calculate the reverse logistics from the repositioning of the customer drop-off back to the
origin service center. They thus assume that when shipping a container from Frankfurt to
Los Angeles, that same container will be returned from Los Angeles to Frankfurt. This may
be the case for centralized networks with one global service center, where all containers
are pooled. However, in many cases, the containers are part of a dynamic network. In this
network of service centers, containers are shipped throughout the network and may only
be relocated to another service center if the network flows are imbalanced and more con-
tainers need to be provisioned at specific service centers. Contrary to previous studies, we
therefore do not allocate the emissions from reverse logistics based on the hypothetical re-
turn of a container from the destination service center to the origin service center, but purely
on the network flows of containers at the origin center. Therefore, the provisioning emis-
sions are based on the net inflow/outflow at each service center. Second, we determine that
allocating the emissions from reverse logistics should therefore be aggregated and shared
among all outgoing flows at each service center. Third, the emissions from reverse logistics
should be forward-looking and under the expectation of including a load into the network
(c.f. COFRET (2014)). The company providing the cooling containers should therefore not
provide emissions based on the current network balances, but assuming the new container
flows in the network.

Figure 2 provides four cases of network imbalances that indicate potential scenarios for
emissions from reverse logistics by exemplarily routing containers across a network of two
to three service centers. The 'Balanced’ scenario has no provisioning logistics, as the de-
mand flows are balanced and thus no containers need to be provisioned but can be reused
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at the destination anew. There are no emissions from reverse logistics. The 'Symmetri-
cally imbalanced’ scenario reflects the incumbent conceptualization of reverse logistics,
i.e. empty containers are returned from the destination service center B to the origin service
center A. Assuming a steady network imbalance, this is the same as allocating the emissions
based on the provisioning flow from B to A in the first place. In both methods, accounting
for emissions from reverse logistics are the same. This changes conceptually for Scenarios
’Asymmetrically imbalanced I’ and ’Asymmetrically imbalanced II’. In the former, only one
of the two outgoing containers need to be provided because of flow imbalance. Allocating
the emissions from the provisioning flows to either of them is, however, arbitrary. As a re-
sult, the emissions from provisioning one container from B to A should be distributed among
both outgoing containers from A to B. The last scenario inhibits the largest conceptual dif-
ference. It shows two provisioning flows, one from B to A and one from B to C. Allocating
the emissions based on the origin service center and the net container flows in each node
accurately maps the emissions to the nodes which cause the provisioning flows in the first
place. In this case, the shipment from C to A needs to account for the provisioning flow from
B to C.

Balanced Symetrically imbalanced  Asymetrically imbalanced | Asymetrically imbalanced Il
2 2 2
AT B 2, A~ 2B A, 2B
Av\ P B ,‘\1/ T /'I
2 2 1 1
C 2 1 c4
No emissions from Emissions from provisioning Emissions from provisioning Emissions from provsioning
provisioning, since network containers from B->A are containers from B->A should from B->C should be
flows are balanced. allocated to containers be split among all shipments allocated to shipments from
shipped from A>B from A->B and not assigned C->A, not A>B

to individual shipments

T Delivery Flow T T Provisioning Flow

Figure 2: Scenarios of network imbalances. Numbers indicate example container flows per lane.

The emissions from provisioning therefore need to be estimated at each service center. If
the net inflow/inventory of containers is non-negative (i.e., less than or equal number of
containers outgoing than incoming), the provisioning emissions are zero. In the case of
negative inflow and subsequent provisioning flows, the emissions based on the provision-
ing flows need to be distributed across all outgoing containers. In the scenario Asymmet-
rically imbalanced I’ in Figure 2, for example, we assume the one provisioning shipment
from B to A to cause 7 kg-CO,. As a result, the provisioning emissions for each of the two
shipments from Ato B is %kg-COz. This method of calculating emissions of reverse logis-
tics is more accurate than the existing methods, but requires two implementation details.
First, the data on the network flows of containers including the transportation modes need
to be available to accurately compute the emissions from provisioning. Second, it assumes
a time component to accurately compute the net flows per service center, which needs to
be calibrated.
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3.2.2 Emissions from positioning, main carriage and return

The legs of positioning, main carriage, and return cover the transportation of the cooling
container from the origin service center to the destination service center. Positioning and
return describe the transport of empty containers to and from the customer-specific loca-
tions. Based on industry discussions we assume the two legs to mostly occur via road as
primary mode of transportation. The main carriage refers to the transport of the customer
pickup location, to the origin airport, on to the destination airport and last to the customer
dropoff location. The transport to and from the airportis assumed to happen viaroad freight,
with the main distance of the entire container transport happening via airfreight between
the airports.

3.2.3 Emissions calculation per mode

This Subsection describes the calculation of the transportation emissions by mode. Nat-
urally, an energy-based calculation of transportation emissions is most favourable, yet as
previously discussed often unavailable. We therefore use activity-based calculation of car-
bon emissions per mode. In particular, the emissions were calculated using the NTM method-
ology by the Network of Transport Measures (NTM, 2023), which has dedicated calculation
methods for air, maritime, rail and road transportation. The NTM methdology works with
emissions factors based on the weight of the freight and the distance traveled. However,
the emission factors are based on additional input on the vehicle characteristics and fill-
rates, which heavily impact the emissions calculated. The emissions e;; for shipping good i
with mode j follow the following general equation:

e;j = w; x (fj + vj * dyj) 3)

where f; and v; are emission constants specific to the mode and vehicle characteristics
(e.g., fill rate) chosen. f; is the fixed emissions factor associated with the generated emis-
sions during start and end of a trip. v; represent the variable emissions factor based on the
distance traveled. Correspondingly, d;; is the distance good i traveled with mode j. Last, w;
represents the weight of the shipment to allocate the emissions.

For road freight transportation, we set w; as the actual weight of the shipment, assuming
that the weight is the constraining factor for road transport. d;j is the distance traveled on
an actual road network.

For air freight transportation, we use the volumetric weight for the emissions calculation.
The volumetric weight @; is determined by the following formula:

W; = max{w;,v*p} 4)

where v is the volume of the shipment and p is the minimum density for air freight specified
by the LSP. We use the volumetric weight to allocate the emissions for air freight to account
for the fact that airplanes are in practice often volume restricted. In addition, the volumet-
ric weight allows for better product-level comparison for low vs. high-density cooling con-
tainers. Also, using volumetric weight resembles the current practice on how LSPs charge
customers for airfreight. The distance d;j is calculated by the great circle distance plus a
constant factor representing detours for additional maneuvering and taxiing. In addition,
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we multiply the emissions of air freight associated with the burning of jet fuel by a radiative
forcing index (RFI). A RFI may be included, since aircraft operating in high altitudes may al-
ter the atmospheric concentration and therefore have higher climate change contributions
than based on the pure release of CO, via burning fuel (Cox and Althaus, 2019).

For maritime freight transportation, we use the actual shipment weight as w; to calculate
the emissions. In addition, d;j is the actual travel distance across the seas.

3.3 Total emissions

We define the total emissions from the transport of temperature-sensitive pharmaceuticals
in Equation 5 as the sum of the fixed and variable emissions normalized by a factor on the
safety of the cooling chain.

. Fixed Emissions + Variable Emissions
Total Emissions = . (5)
Shipment success rate

We include a normalization factor to account for the risks and costs of a failed transport
of the temperature-sensitive products. The complex multi-step process of the transporta-
tion chain involving multiple stakeholders, such as consignors, freight forwarders, or ground
handling agents, pose significant risks for temperature excursion or other damages to the
shipments (Coles and Long Alastair, 2020). We therefore include a factor based on the risk
of temperature excursion by the cooling container, that reflects the risk of spoilage of goods
on average. Besides higher costs for additional shipments and wasted materials, the need
for re-sending the pharmaceuticals will result in additional carbon emissions.

4 Analysis

This Section presents the analysis on operational and tactical levers to reduce carbon emis-
sions in temperature-sensitive freight transport for pharmaceuticals. Section 4.1 describes
the implementation of the emissions calculator and the parameters chosen. Section 4.2
analyses the impact of different packaging materials used and Section 4.3 analyses the ef-
fect of different network structures on the emissions from provisioning.

4.1 Implementation and parameters

We implemented the methodology to calculate the emissions for temperature-sensitive
pharmaceuticals as described in Section 3 in Python and Excel. The interested reader and
practitioner may freely use our implementation for their own analysis via:
https://github.com/MIT-MLL/co2-estimator-cold-chain-logistics.

We leverage the API integration of the NTMCalc Advanced 4.0 for estimating the emissions
per shipment (NTM, 2023). We calculate the distance for road freight transport leveraging
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the Google Maps Distance Matrix API (Google Maps, 2023). The distance for air freight
transport is calculated via the grand circle distance formula and a detour factor of 95 km
in line with the GLEC framework is applied (Smart Freight Centre, 2019). In addition, we
apply a RFI of 2 to account for non-CO, effects of air travel to global warming. The maritime
distance for any shipment is calculated via the Python package 'searoute’ (Halili, 2023). For
all road transportation, we assume using a 6 t Diesel B7 truck with Euro 6 norm on roads of
average road quality. We further investigate the case for pure-freight aircrafts and choose to
use a Boeing 747-400F for emissions calculation. We only present the results for full-freight
aircrafts, since the results are directionlly the same when using Belly-freight aircrafts, the
only difference being that full-freight aircrafts generally show lower emissions per m3 or
kg freight transported than Belly-freight aircrafts (e.g., c.f. EN16258 emissions factors for
medium and long-haul transport). For maritime transportation, we assume an ocean carrier
with 40.000 dwt capacity. All load factors are taken from the default NTM parameters: for
road transport a weight load factor of 40%; for airfreight a weight load factor of 65%; for
maritime we set a weight load factor of 70%. Moreover, we assume the default density for
the volumetric weight of p=167 kg/m3.

We investigate the case of two shipment decisions for a hypothetical pharmaceutical com-
pany with a distribution center in Philadelphia (Pennsylvania, USA). First, we investigate the
case of a medium-haul shipment from a production facility in San Juan (Puerto Rico, USA)
to Philadelphia via San Juan and Philadelphia Airports. Second, we investigate a long-haul
shipment from a production site near Frankfurt (Germany) to Philadelphia via Frankfurt and
Philadelphia Airports. In both cases we assume a service center for the different packaging
material containers to be located in close proximity to the respective production facilities
and distribution centers as well as the airport used, which can be serviced by road.

4.2 The impact of the cooling container and packaging material

This section analyses the impact of choosing a packaging material or cooling container on
the carbon footprint of a pharmaceutical shipment. We include containers for each of the
in Subsection 3.1 introduced container types, namely active, passive and hybrid. We use
three example containers for this analysis: the Envirotainer RKN el (active cooling), the
Taracell TC432 (passive cooling) and the SkyCell 1500X (hybrid). The RKN el and 1500X
are reusable containers, while the TC432 is a single-use container. All fixed product-level
carbon emissions and technical specifications are taken from myclimate (2018a), mycli-
mate (2018b), myclimate (2022), SkyCell (2023), and Envirotainer (2023). The technical
dimensions of the containers can be found in Table 1. For the following numerical analy-
ses, we assume that the entire internal volume of a cooling container can be loaded with
goods and is therefore usable volume. In the majority of real-world shipments, however,
goods are shipped on standardized pallets (most commonly EU or US pallets), for which
a container’s actual internal volume used is determined by the dimensions of the pallet.
Moreover, we assume a success-rate of 99.9% for all container types and Moreover, we use
a lower-bound estimate that assumes an average of one hundred shipments per life-cycle
for the exemplary active and hybrid containers. In a first step, we assume the shipment of
1m3 of pharmaceuticals weighing 250kg. Furthermore, we set the emissions from reverse
logistics to zero as we assume a balanced network for the reusable containers 1500X and
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RKN el. Last, we assume the customer destination distribution center to be the last stop for
the single-use container, such that there are no emissions from transporting them onward
to the container company’s distribution center.

. Hybrid Active Passive
Container
(Skycell 1500X) (Envirotainer RKN el) (Taracell TC432)
Exterior vol. [m3] 2.70 4.80 1.70
Usable interior vol. [m3] 1.66 2.30 0.43
Unladen weight [kg] 379.00 635.00 249.00
US/EU pallet capacity 1.00 1.00 0.00

Table 1: Technical dimensions of the example cooling containers by cooling technology

Figure 3 presents the CO, emissions for the shipment scenarios for each of the three sample
containers. The emissions per shipment are split up into the footprint components, namely
the transportation, the preconditioning and the fixed product-level emissions (from prod-
uct manufacturing and end-of-life). We find that transportation, most notably the airfreight
transportation, is causing the majority of emissions for all three containers in both Sce-
narios. For the multi-use hybrid and active containers, the emissions from transportation
are in fact responsible for over 97% of the total emissions. For the passive container, the
emissions from transportation are responsible for 87% for the long-haul and 75% for the
medium-haul transport scenario. The second-largest share of emissions are coming from
the fixed product side. While neglectible in share on total emissions for the active and hy-
brid containers, the fixed product emissions can be attributed to 12-24% of emissions for
the passive product. This is because the passive container is a single-use container, such
that all emissions from material extraction, production and end-of-life are attributed to a
single shipment. For the multi-use containers, the fixed product emissions are distributed
over the assumed one hundred usages and therefore significantly lower per shipment.

Moreover, we find that the emissions from transportation are heavily influenced by the den-
sity of the products. First, it should be noted that shipping 1m?3 of goods fits well into both
sample hybrid and active containers. For the passive solution, however, three containers
are needed to transport 1m?3 of goods (assuming the goods can be split arbitrarily to fit into
any container shape). As a result, the hybrid container represents the container with the
lowest total volume and weight when shipping 1m?3 and therefore also has the lowest trans-
portation and overall emissions. The active container follows due to higher transportation
emissions based on higher weight and volume of the cooling container.

The choice of the cooling container should be based on the shipment volume itself in ad-
dition to the characteristics of the container types. Figure 4 presents the total emissions
per shipment (left) as well as the relative emissions per m3 shipped (right) for three con-
tainer types for different volumes shipped. The emissions are calculated for the Frankfurt-
Philadelphia shipment scenario and we assume a linear 1m3:250kg ratio to scale the weight
based on the shipments’ volume. The total emissions per shipment follow a quasi-step
function. The slope is determined by the weight of container and shipment and the step-
changes in the emissions are based on the number of containers needed and the associated
increase in fixed and transportation-related emissions. We find that the optimal container
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Scenario 1: Frankfurt to Philadelphia Scenario 2: San Juan to Philadelphia
8 8
6 6
4 4
) o}
Q 2 Q 2
0 . " ; 0 " " p
| Hybrid | Active Passive _ | Hybrid Active Passive
Transportation | 4.376 | 6.157 6.927 Transportation 1.933 2721 3.056
Preconditioning | 0.005 | 0.01 0.005 Preconditioning 0.005 0.009 0.005
Product & End-of-life 0.032 0.075 0.99 | Product & End-of-life | 0.032 0.075 0.99

Figure 3: Comparison of emissions for the three example container types in two scenarios

choice depends primarily on the utilization rate of a container based on the shipments’ size
and a container’s usable interior volume, since the container’s volume is the constraining
dimensions for the assumed shipment product density of 250kg/m3. For small shipments,
the example passive container shows the lowest overall and relative footprints. This is be-
cause only one passive container parcel is needed to transport the shipment, which itself
has lower weight and volume than a single active or hybrid container. We find that for larger
shipments cooling containers with higher usable inner volume per outer volume ratio and
lower weight show the lowest absolute and relative footprint.

Total emissions per shipment by volume shipped Emissions per m® shipment by volume shipped
40 60
35 50
30
25
20
15 20
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5

0 0
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Shipment volume [m3] Shipment volume [m?]

{Co,
tCOym?

Hybrid Active Passive Hybrid Active Passive

Figure 4: Comparison of emissions by volume for the Frankfurt-Philadelphia scenario

4.3 The impact of the network on emissions from provisioning and
reverse logistics

In addition to cooling container and shipment-level characteristics, the carbon footprint
of a shipment of temperature-sensitive pharmaceuticals may also depend on the network
balance and provisioning of cooling containers. For this analysis, we analyse five container
network scenarios. The first scenario assumes a perfectly balanced network as in the anal-
yses before, such that there are no emissions from provisioning. For the other four network
scenarios, we assume an imbalanced network, such that there is a net negative container
inventory at the origin service center, which needs to be offset by sending containers from
other parts of the network. Two scenarios assume a 50% provisioning: the service center
has twice as many outgoing containers than incoming, therefore, half of the outgoing con-
tainers need to be provided. Two additional scenarios assume a 100% provisioning, i.e. all
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containers used need to provided from other parts of the network. For two of the scenarios
we assume the containers to be shipped via maritime to the service center, in the other two
via air freight. Last, we compare the emissions against a case of no provisioning emissions
by using the single-use passive container.

We compare it based on a shipment of 2.5m3 of 625kg payload from Frankfurt to Philadel-
phia for all example cooling containers. For each container analysis, we assume the pro-
visioning shipments to be evenly split via company locations in Philadelphia and Bogota
(Colombia). We calculate the maritime return routes via the ports of New Jersey/New York
for Philadelphia and Cartagena for Bogota, as well as the port of Rotterdam (Netherlands)
for the service center in Frankfurt. For the air freight provisioning, we assume the contain-
ers from Bogota to be shipped via Bogota International Airport. Since we use a single-use
product as passive container in our analysis, the emissions for the passive container are the
same independent of the scenario used. Figure 5 provides the estimated emissions per m3
shipment for each scenario.

We find that maritime as network re-balancing mode is vastly more carbon efficient com-
pared to air freight. Even at 100% provisioning and a very imbalanced network, the addi-
tional emissions based on maritime relocation of containersis only 3-4%. As acomparison,
assuming a 50% (100%) provisioning via air freight increases the emissions per m3 ship-
ment by 39-50% (78-100%). This highlights the importance of balanced network flows and
the choice of transportation mode for rebalancing containers throughout the global network
of service centers. In addition, we find that single-use containers may in fact have a lower
carbon footprint than a reusable container depending on the share of air freight returns. This
highlights the pivotal role of air freight in the emissions estimation of temperature-sensitive
shipments.

Total emissions per m3 payload and network balance scenario

12 10.70

8.02

6.70 6.70 6.70
6 5.35 544 5.54

3.88 /7 3.94 7/ 3.99 /7

tCO,/m? payload

Balanced Network Imbalanced network (50%  Imbalanced network  Imbalanced network (50%  Imbalanced network
provisioning via maritime) (100% provisioning via provisioning via air)  (100% provisioning via air)
maritime)

Hybrid --Active  Passive

Figure 5: Comparison of emissions per m> payload for the sample containers based on five different
network balance scenarios for a 2.5 m> Frankfurt-Philadelphia shipment
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5 Conclusion

In this study we investigate the operational and tactical levers to reduce carbon emissions
fortemperature-sensitive cold-chain logistics. First, we provide a door-to-door carbon emis-
sion estimation and allocation tool for temperature-sensitive shipments using airfreight as
primary mode of transportation. The tool addresses multiple domain- and product-specific
aspects, such as temperature excursion rate to accurately account for the estimated loss
of products via spoilage. In addition, we estimate the emissions from container positioning
flows in imbalanced container networks. This is of particular importance as supply (produc-
tion facilities) and demand (customer locations) nodes may not be evenly distributed glob-
ally. Moreover, we implement a volumetric-weight carbon emissions allocation for airfreight
to resemble airfreight pricing and account for the impact of cooling container densities.

We compare a set of representative active, passive and hybrid cooling containers under a set
of scenarios. First, we find that airfreight emissions are the single biggest source of emis-
sions for all types of containers. Especially for reusable containers, the share of airfreight
transportation emissions may easily be above 95%. As a result, the weight and volume of
cooling containers and packaging materials in combination with their usable interior volume
are among the most important characteristics for reducing the carbon emissions. Second,
we find that the relative emissions per m3 shipment is also contingent on the usable in-
terior volume and the number of containers needed for a given shipment. Since airfreight
emissions represent the largest share of emissions of a shipment, achieving a high fill-rate
within a container solution is desirable. The specific container solution should therefore be
chosen based on the specific volume of the shipment, since this is usually the constrain-
ing dimension. Third, the emissions of positioning flows of cooling containers should be
considered carefully, as the impact of sending empty containers across the network may
be substantial. We find that an imbalance in container flows across the network may be of
limited impact if containers are re-balanced via maritime, which has a low carbon footprint.
Sending empty containers across the network via airfreight, however, has the potential to
massively increase the carbon footprint of a shipment. As a result, containers with more
balanced networks should be favoured over networks with less balanced networks, while
the primary mode for relocating containers through the network should also be taken into
consideration. Moreover, the emissions from network balancing implies in which single-use
containers may be favoured over multi-use containers if there is a large network imbalance
and the re-balancing happens primarily via airfreight.

This study may be expanded along multiple dimensions. First, this tool primarily describes
the carbon footprint for different cold-chain solutions under a range of scenarios to investi-
gate general dynamics and identify levers for reducing the carbon footprint. In a next step,
it can be integrated in a prescriptive framework to suggest the carbon footprint optimal
temperature-sensitive transportation solution available. Second, the impact of container
inventory and provisioning across the network should be further investigated. While we
find, that an imbalanced network leads to higher emissions due to additional re-balancing
flows, the cost and emissions of a more balanced network is not considered. For example,
a higher container network balance may be achieved due to higher inventory of containers
throughout the network, which in return however, may lead to higher capital commitment
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and product-level emissions. In addition, re-balancing flows via maritime follow different
lead times than airfreight, such that a pure maritime-based re-balancing strategy may re-
quire substantially higher container inventories. As result, we suggest future research on
the implications of network design and reverse flows on economic viability and the carbon
footprint of cold-chain solutions.
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