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ABSTRACT

Trends toward patient-centric deliveries in the pharmaceutical industry pose a challenge for
integration of sustainable supply chain design. This patient-centricity entails more distributed
demand, smaller shipments, and more frequent deliveries. Our research utilizes scenario planning
for quantification of CO-e and taxation within a pharmaceutical distribution network located in
Brazil, where tax policy has a major impact on supply chain costs. Comparison between various
scenarios allows for analysis of the taxation and COze emissions variations, with results showing
how the patient-centric scenario is associated with increased CO2e emissions, and how taxation
is not directly impacted by patient-centricity. Despite this, taxation does have a major effect on
decision making for the location of distribution centers in Brazil. A scenario assessing the
consolidation of demand at a weighted center-of-gravity (CoG) distribution center resulted in an
estimated 10.1% savings on tax and 23.4% of COze reduction when compared to the base case
scenario.

Capstone Advisor: Jarrod Goentzel
Title: Principal Research Scientist, Center for Transportation and Logistics
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CHAPTER 1: INTRODUCTION

Awareness of climate change and its impact on human health is driving societal and behavioral
shifts to more sustainable business practices (World Health Organization, n.d.). Despite this
focus on sustainability, recent consumer behavior has increased the demand for carbon-intensive
at-home deliveries. Growing at-home demand has pushed supply chains across various industries
to develop or revamp their direct-to-consumer distribution channels. In the pharmaceutical
industry, direct-to-consumer distribution channels are highly patient-centric. Patient-centricity
ensures the delivery process meets the unique needs of individual patients such as delivery close
to the patient’s location and preferred delivery time (Srivastava, 2022). When assessing these
personalized distribution networks, many obstacles complicate a corporation’s ability to gauge

the tradeoff between transportation costs and carbon emissions.
1.1 Motivation

The focus on human health and sustainability is core to the mission at Roche AG, a Swiss
pharmaceutical company with distribution across 95 countries. Roche was founded in 1896, and
since their founding, the corporate mission has concentrated on patient-centric healthcare
solutions. While Roche currently has a very mature product mix with oncology treatments
contributing to the majority of revenues, it also has a robust pipeline of new products being

developed to align with the corporate mission of “Doing now what patients need next.” (Roche,

2023).

Roche’s pipeline of new patient-centric products paired with changing industry dynamics has led
them to reevaluate their distribution network in Brazil. Roche distributes and accounts for

product sales in Brazil under three main divisions: diabetes, diagnostics, and pharmaceuticals.



Across these three divisions, there are multiple distribution centers and offices. The current
distribution network is optimized for cost with an emphasis on tax-compliance considerations.
Any new distribution model must account for increases in patient-centric new-product
introductions without losing sight of the complexities of the Brazilian tax system and the overall
cost to serve the patient. At the same time, Roche considers it a priority to reduce its carbon
footprint in Brazil and therefore must be able to evaluate carbon emissions that would be
generated by a new distribution model. Ultimately, the company wants to ensure that patients are
continually served by an efficient, sustainable, and financially viable supply chain. As described
in Sections 1.1.1 and 1.1.2, Brazil’s regulatory system for pharmaceuticals and complex taxation

system make this a difficult objective to achieve.

1.1.1 Regulatory Environment in Brazil

Pharmaceuticals in Brazil are regulated by a regulatory body called Anvisa. Anvisa is
comparable to the Food and Drug Administration (FDA) in the United States (US). A
comparison of regulatory approval of oncology products between the US and Brazil
demonstrated an 8.6-month delay for Anvisa in contrast to the FDA approval process
(Bustamante et al., 2015). In addition to the delays, Anvisa seems to have a poor relationship
with the players in the pharmaceutical industry, as evidenced by a survey that found industry
players complaining that they operate in South American markets but would rather not enter the
Brazilian market because “It’s too complicated” (Limoeiro 2019). The current market is difficult

to enter and complying with regulations is a major cost for companies.

Pharmaceutical companies are motivated to prepare for the distribution of a drug as soon as

regulatory approval is granted due to the short window for capitalizing on a patent before



expiration. Therefore, Roche can benefit from the ability to evaluate potential supply chain
scenarios that may arise in the future. However, the task of planning for these scenarios is

complicated by the intricate tax policies in Brazil.

1.1.2 Brazilian Taxation System

Within Brazil, there are twenty-six states, each with different incentives and regulations on how
taxes are imposed on logistical activities. Brazil has one of the most complex tax structures in the
world, and any new products will need to account for tax impacts imposed on distribution costs.
For this reason, pharmaceutical industry participants in Brazil have traditionally consolidated
their operations in favorable tax havens, such as the Goias region. Specifically, two of the largest
Brazilian drug manufacturers, Teuto and Neoguimica, as well as Roche all have located
operations in this region (Limoeiro, 2019; Roche, 2023). Taxes in Brazil include a multitude of
state, federal and municipal rates, and the pharmaceutical industry specifically has unique
“Convenios” agreements that can adjust tax rates based on specific product end uses. For
example, Convenio 87 results in an exemption for certain pharmaceutical products from the State

Value Added Tax (VAT) rate (Roche, 2022).

The most relevant tax to supply chain operations in Brazil is the VAT rates which cover the
transportation of products in Brazil and vary by state. In Brazil, state VAT is called ICMS. ICMS
is the state specific indirect taxation on the circulation of merchandise, even when the transaction

and the rendering of services start in another country (PricewaterhouseCoopers, 2022).

1.2 Problem Statement

Sustainable supply chain network design depends in large part on reducing the COze (carbon

dioxide equivalent) emissions associated with the transportation of goods. As noted in Section
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1.1, in addition to considering carbon emissions, a network design for Roche’s future patient-
centric new products in Brazil must also account for exogenous factors such as taxation that have

a substantial impact on the cost of distribution to the patient.

However, modeling the proposed network for Roche will not involve conducting traditional
optimization techniques to minimize the total cost or CO.e involved in distribution. Instead, we
will model various supply chain scenarios, assessing how they may differ from status quo
distribution methods in impact on total carbon emissions and taxation. All analysis conducted is
based on utilizing data for diabetes and pharmaceutical divisions, with no diagnostics data being
used. The diagnostics division includes equipment sales, maintenance, and service of placed
equipment. These confounding variables required additional data cleaning of the diagnostics
datasets, following discussions with Roche management, the diagnostics division was not

included in the research.

1.2.1 Research Questions

Our model will be structured to answer the following questions:

1. What is the tradeoff between carbon emissions and taxation within the transportation
network?

2. How do new product introductions (NPI) influence the way products may be
distributed?

3. How does increasing patient-centric distribution influence CO-e emissions and

taxation?

11



1.3 Hypotheses

We hypothesize that patient-centric distribution is positively correlated with increased CO-e
emissions. To validate this hypothesis, the above questions are modeled in the supply chain
utilizing various scenario-planning models. Outputs of the models are compared with the status

quo, allowing for a comparison of the taxation and CO-e between scenarios.

1.3.1 Selected Scenarios

Modeling is extrapolated from nine months of product demand, January to September 2022, with

the following scenarios tailored to answer the research questions outlined in Section 1.2.1:

1. Base Case Scenario(s): The status quo data is run through the model to establish two
control groups, pharmaceutical division control and diabetes division control.

i.  Pharmaceutical division control: Pharmaceutical products are being distributed
from one current distribution center located in the state of Goias.

ii.  Diabetes division control: Diabetes products are being distributed from one current
distribution center located in the state of Santa Catarina.

2. Consolidation Scenario: Pharmaceutical and diabetes division demand are consolidated
under one new hypothetical distribution center, located in Minas Gerais (Location of
Minas Gerais decided using Center-of-Gravity analysis). This scenario is contrasted with
the pharmaceutical and diabetes division control groups to answer Research Question 1,
identifying the tradeoff of COe emissions and taxation within the transportation network.

3. Patient-Centricity Scenario: Patient-centricity modeling is compared with the data from

the pharmaceutical division control group, utilizing the pharmaceutical distribution

12



center. This scenario has two components: modeling new product introductions, and

assessing the tradeoff associated with increasing patient-centricity.

i. New product introductions: To assess Research Question 2 of how new product
introductions influence the way products may be distributed, new product
introductions are modeled utilizing adjustments to existing product demand.
Additionally, this scenario allows for the modeling of new customer demand nodes in
cities that have not been shipped to before.

ii. Tradeoff associated with increasing patient-centricity: To assess Research
Question 3 of how increasing patient-centricity may impact the tradeoff of COe
emissions and taxation within the network, a modal shift input variable is introduced
into the model. Modal shift from road to air allows for the modeling of shorter lead
time of product distribution, as relevant to patient-centricity through discussion in

Section 2.3.
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CHAPTER 2: STATE OF THE ART

The research conducted to contextualize the creation of a model starts with the quantification of
CO2e emissions. Section 2.1 outlines the COze calculation methodology, and Section 2.1.1
delves into how utilization of vehicles may impact COze emissions. Next, Center-of-Gravity
analysis (CoG) is explored as a methodology to identify alternative locations for distribution
center(s). The CoG calculations and visualization of the data are discussed in Section 2.2.
Section 2.3 contains research on patient-centricity and what metrics align with pharmaceutical

industry interpretations of patient-centricity.

Our assessment of current academic literature did not find other models that are working with
taxation and CO2e in the context of a patient-centric supply chain. Despite this, individual
components of our modeling are discussed in research publications. Therefore, Section 2.4
analyzes modeling taxation within Brazil. Section 2.5 contains an understanding of literature on
the tradeoff between freight cost and COze emissions. Finally, Section 2.6 contains an

assessment of scenario planning as a modeling methodology.

2.1 Quantifying Carbon Emissions

CO2e emissions associated with freighting goods can be quantified using various methodologies.
The most accurate methodology for estimation of CO-e is to calculate the fuel usage associated
with the conveyance of goods. Although this is the most accurate method, fuel consumption data
is not available for this analysis. Due to the use of third-party logistics providers in the
transportation network, our modeling utilizes activity-based carbon accounting methodologies.
Activity-based modeling has three primary inputs to COze calculation: Weight, distance, and the

mode-specific emissions factor (Bouchery et al., 2018).
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At Roche, carbon accounting was suggested to be completed using the activity-based approach
outlined by the United Kingdom’s Department for Environment, Food and Rural Affairs (UK
DEFRA). Specifically, the DEFRA 2021 UK Government Conversion Factors for greenhouse
gas (GHG) reporting are used in our CO-e calculations. This activity-based emissions model
allows for the calculation of CO.e based on the specific mode of transport used in Brazil.
DEFRA also specifies that the scope of emissions should be identified based on the GHG
Protocol Corporate Accounting and Reporting Standard. (Department for Environment Food &
Rural Affairs, 2022). The GHG Protocol Corporate Standard document outlines that our
transportation model would fall under the scope of three emissions. Scope three GHG emissions

are classified by the (World Resources Institute, 2015, p. 25) as:

“An optional reporting category that allows for the treatment of all other indirect
emissions. Scope 3 emissions are a consequence of the activities of the company but

occur from sources not owned or controlled by the company.”

Since our modeling is accounting for the use of third-party logistics providers, calculations are
based on version two of the scope three freighting goods 2021 conversion factors (Department
for Environment Food & Rural Affairs, 2022). All calculations follow the general activity-based
formulation of weight, distance, and the mode-specific emissions factor. The emissions factors
selected were the average-laden figures, meaning that we are assuming that the delivery vehicles
have a set capacity utilization half the available volume of the vehicle. For more information on
the understanding of vehicle capacity utilization, Section 2.1.1 covers vehicle utilization in

depth.

Within the DEFRA 2021 conversion factors used, some important assumptions are stated.

Particularly, in aviation CO2e emissions calculations, direct emissions such as CO,, CH4 and

15



N20 are modeled in addition to indirect non-CO2 emissions such as water vapor, contrails, and
NOx. It is noted that there is significant scientific uncertainty around the indirect effect of non-
CO- aviation emissions so this number should be revisited in coming years to ensure accuracy.
Currently, including indirect non-CO> aviation emissions raises the emissions factor by 90% over

just using direct emissions (Department for Environment Food & Rural Affairs, 2022).

The final aviation specific adjustment to consider is an uplift factor. When utilizing the great-
circle distance in aerial distance calculations, the Intergovernmental Panel on Climate Change
(IPCC) suggests implementing an uplift factor adjustment of 9-10% to account for indirect flight
paths, delays/congestion/circling of aircraft. Instead of using 9-10%, DEFRA recommends
utilizing an uplift factor of 8% on top of the great-circle distance. (Department for Environment

Food & Rural Affairs, 2022).

2.1.1 Vehicle Utilization: Network for Transport Measures Carbon Accounting

CO2e calculations being based on aggregate activity-based measures serve to help identify hot
spots of emissions within the transportation network. In activity-based calculations such as
DEFRA, the number of trips made by vehicles does not impact the resulting carbon emissions of
the transportation route. This is due to not considering the variation of load factors between
freight shipments. In this context, a load factor is the percentage utilization of a vehicle based on
the carrying capacity of the vehicle and the weight of the freight. Specifically, DEFRA emissions
factors are not dynamic, meaning total CO-e calculations are completed by selecting an average
load factor of vehicles with no adjustments for the size of individual shipments from the

distribution center to nodes of demand.
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Another methodology that can be used to account for the load factor of vehicles is the Network
of Transport Measures methodology (NTM). NTM is a more detailed activity-based carbon
accounting approach that leverages fuel consumption, distance travelled and weight per
shipment. The fuel consumption variable considers vehicle type, load factor, and road type
associated with freight transportation. Within the methodology, NTM discusses how “The
weight-based load factor has a significant impact on both fuel consumption and pollutant
emissions. This is of particular importance to consider for heavy duty vehicles...” (Network for
Transport Measures, 2015). Although the NTM methodology has more detail than the DEFRA
methodology, using NTM for carbon accounting requires additional data inputs of road type and

the specific vehicles used in each shipment.

Vehicle type modeling in NTM is used to identify a vehicle specific emissions factor like the
DEFRA methodology, however, NTM methodology has the added value of splitting the
emissions calculation into a fixed and variable component. This allows for modeling of
emissions in a way that accounts for a difference between sending ten pallets on ten trucks versus
ten pallets on one truck. This is explored in detail in a paper by Velazquez-Martinez et al., 2013.

A simplified version of the NTM equation is provided for clarity, expressed in Equation 1 as:
TE = TEfixea + EFyqr W 1)

Where TE is total emissions, and the TErixed accounts for the number of shipments, modeling
emissions of an empty vehicle. The EFvar accounts for the variable shipment emissions

associated with transporting cargo weight expressed by w (Velazquez-Martinez et al., 2013).
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2.2 Calculation of Center-of-Gravity Analysis (CoG) and Visualization of Location Data

Center-of-Gravity (CoG) analysis is a methodology that can be used to calculate the center of a
series of latitude-longitude pairs. The software selected for this calculation is the Mean Center
Spatial Statistics package from ArcGIS Pro 3.1. ArcGIS was selected primarily for ease of the
visualization of data, and it also allows for the creation of weighted latitude-longitude pairs.
Figure 1 displays a visualization of a weighted versus unweighted mean center, and Figure 2
provides the calculations associated with CoG analysis in the ArcGIS Mean Center Spatial

Statistics package (ArcGIS, 2023).
Figure 1

Unweighted and Weighted Center-of-Gravity Visualization (ArcGIS, 2023).
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Figure 2

Calculation of Weighted Mean Center (ArcGIS, 2023).

The Mean Center is given as:

_ % Ly _ % Yi
X == . Y == (1)
n n

where x; and y; are the coordinates for feature 1, and n is equal to the total number of features.

The Weighted Mean Center extends to the following:

i=1
Xu.' e K:r -
Y ow;
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Yowyr; '21 w;Yi
1=

where w; is the weight at feature 1.

2.3 Quantifying Patient-Centricity

Patient-centricity was selected as a metric due to its critical importance to Roche. In a 2015 study
by Deloitte, a broad shift to increasing patient-driven health care was identified in the United
States, Canada, the UK, and Brazil. This increasing patient-driven health care is intended to

satisfy the needs of patients who value transparency and convenient care (Morris et al., 2015).

Provided the trend for patient-centric health care, we conducted analysis of the implications of
patient-centricity on supply chain operations. According to a 2021 Accenture report, “Patient-
centric supply chains focus on delivering the right therapy to the right patient at the right time to
the right place and at the right price.” (Srivastava et al., 2021). From the perspective of a
pharmaceutical supply chain, it is clear patient-centric transportation of products must reach
patients geographical needs while maintaining short lead times associated with transit. Ensuring

short lead times and high geographical availability of products would imply the assessment of
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inventory levels and service level as potential ways to assess patient-centricity. Inventory and
service level optimization are widely researched and reviewed as methods to improve the

availability of pharmaceuticals to patients in need.

For example, a model created in 2017 by Nematollahi et al. communicates that the high service
level associated with a socially responsible pharmaceutical supply chain has dramatic impact on
the costs associated with inventory both for retailers and distributors. The multi-objective model
has a “Social objective” to maximize service level, and the “economic objective” to maximize
the profit of the pharmaceutical supply chain (Nematollahi et al., 2017). More detailed methods
such as the work by (Campelo et al., 2018) focus on the last mile routing of pharmaceutical
delivery vehicles and the tradeoff of distance traveled and route duration of vehicles while

ensuring service level agreements are still maintained.

It is clear through research on other inventory/service level optimization techniques that this is a
possible way to assess the patient-centricity performance of a supply chain. Despite this, the
scope of our research is not to identify optimal inventory levels and provide high service levels
by optimizing routing, but rather to quantify the taxation and COze emissions associated with
transportation within Brazil. Therefore, service levels, stocking lead times and inventory
optimization are not considered in our modeling. Patient-centricity is assumed as an input based
on the timeliness of delivery comparison between air and road shipments, and location of
delivery based on modeling introduction of new cities that have not been distributed to before.

For more details on assumptions of the patient-centric model see Section 3.6.4.
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2.4 Modeling Taxation Within Brazil

As discussed in Section 1.1.2, taxation has a major impact on the way supply chains are designed
in Brazil. A 2020 study from Furlanetto et al. of the impact of taxation in Brazil considers the
facility allocation question as the primary input to a quantitative model. This model is based on a
multicommodity, multilink network of distribution for an animal feed company, and three
scenarios were compared to identify an optimal location of distribution based on the
minimization of taxation within the network. Findings of the modeling suggest that there is a
clear need to make decisions regarding distribution within Brazil based on the existing tax
structure, due to results showing substantial losses to companies when optimization is conducted
without including tax considerations (Furlanetto et al., 2020). In lieu of conducting optimization,
scenarios from our modeling provide taxation differential analysis between selected distribution

center locations.

2.5 Tradeoff between Transportation Cost and Carbon Emissions

Supply chain research on the relationship between cost and carbon is robust, as transportation
emissions and the cost associated with freight transport are often variables targeted in
optimization techniques. Prior to addressing optimization, Section 2.5.1 addresses the general
correlation between cost and carbon in a transportation network. Section 2.5.2 analyzes the
relevance of carbon emissions in transportation mode selection criteria. Finally, Section 2.5.3

addresses optimization techniques for transportation cost and carbon emissions.

2.5.1 Correlation between Cost and Carbon

Intuitively, there is a distinct correlation between cost and carbon within transportation networks.

This correlation is present due to fuel being a 24% contributor to cost for trucking providers, and
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fuel usage being the primary metric used to calculate carbon emissions. (Williams & Murray,
2020) A study by (Wygonik & Goodchild, 2011) investigates this relationship between cost,
carbon emissions and service quality in an urban pickup and delivery transportation network.
Findings of this research include the visualization shown in Figure 3, and a direct relationship
between one kilogram of carbon emissions and three dollars and fifty cents of transportation
cost. According to (Wygonik & Goodchild, 2011), “The results demonstrate there is not a trade-

off between CO> emissions and cost, but that these two metrics trend together.”

Figure 3
Relationship between Dollars and Kilograms of CO, (Wygonik & Goodchild, 2011).
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2.5.2 Relevance of Carbon Emissions in Transportation Mode Selection

Section 2.5.1 outlines research on how carbon and cost are correlated in transportation networks,
leading to the question of the relevance of carbon emissions in transportation mode selection.

Research conducted in 2012 considers how emissions regulations such as a carbon tax may
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impact mode selection within supply chains. Findings of this research suggest that although
carbon regulation may incentivize switching to different modes, the decision is often informed
by non-monetary considerations such as lead time. The quantification of this research suggests
that one or more of the base parameters such as weight, distance travelled, or unit transportation
cost needs to be extremely high to incentivize selecting a different transportation mode. (Hoen et
al., 2012) In summary, the research suggests that the addition of carbon regulations is likely not

significant enough to encourage shippers to change their selected transportation mode.

2.5.3 Optimization Techniques for Cost and Carbon

Current best practices on calculating the tradeoff between cost and carbon in supply chains are
often based around mixed integer linear programming (MILP) optimization techniques. When
using MILP models, scenarios may be adjusted using multi-objective approaches. Multi-
objective approaches allow for optimizing values of carbon footprint and the cost of distribution
when given a set number of distribution centers and customers. An example of this type of
modeling is seen in a MILP model Ramudhin et al. produced in 2009. By implementing a goal
programming solution to the model, the multi-objective approach was able to achieve a tradeoff
between cost and carbon footprint while maintaining control over operational costs in the model

(Ramudhin et al., 2009).

A similar but more sophisticated multi-objective optimization model was created by Rahimi et
al. in 2017. This more detailed model uses multi-objective optimization of service level, GHG
emissions, and profit associated with the distribution of perishable products. An important
finding of this research is that results of multi-objective MILP models can be interpreted in

different ways depending on the judgmental weight that a model user assigns to each objective
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present in the model (Rahimi et al., 2017). This is critical in understanding how the MILP
optimization works. Although MILP can provide optimized results, the optimization is

dependent on the weights associated with the input variables.

2.6 Scenario Planning

When comparing MILP optimization to scenario planning, the MILP modeling is theoretically
proven and auditable as a method to optimize decisions based on current-state inputs. Scenario
planning still relies on the allocation of weights to selected input variables; however, it offers

more flexibility in changing multiple variables to assess future scenario states.

Scenario planning is utilized in our modeling due to our desire to capture broad trends and large
shifts in the way product may be distributed in Brazil. An article by Schoemaker in MIT Sloan
Management Review discusses the way scenario planning may be used to adjust multiple
variables at one time, capturing new states that may be present after large shocks or deviations
from the status quo. Therefore, scenario planning allows for subjective interpretation of potential
futures that management may want to strategically prepare for (Schoemaker, 1995). Modeling of
shifts to patient-centricity, new product introductions, and assessing the taxation impacts on the
distribution network are all future states that lend themselves well to scenario planning. Despite
these future states being ideal for scenario planning, it is important to note that scenario planning
has some limitations that are listed in literature. Notably, scenario planning does not have an
explicit theoretical foundation, and it is difficult to replicate and judge outcome decisions that
arise from modeling (Chermack et al., 2001). To counter the challenge of replication, our
methodology for all calculations has been outlined in Chapter 3. We intend to ensure that the

judgment of results may be replicated by Roche.
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CHAPTER 3: METHODOLOGY

The methodology for developing the CO.e emissions and taxation model starts with data
initialization, with Section 3.1 describing the required data inputs to the model. Next, Section 3.2
contains information on how data is visualized and the identification of a location for a
consolidated distribution center. After all the data is prepared for inclusion in the model, various
scenarios dictate what modeling takes place. All scenarios calculate CO2e, distance, and taxation
as outlined in Sections 3.3, 3.4, and 3.5, respectively. Finally, the detailed methodology behind
each scenario is described in Section 3.6.

3.1 Initialization of the Model

The modeling of the supply chain in Brazil is dependent on the inclusion of many data fields
from the pharmaceutical and diabetes divisions. Data instrumental to the operation of the model
include the following fields: shipments and associated destination cities, weight and temperature
control requirements of the shipments, and invoice value. Data must be cleaned so that daily

deliveries are aggregated by analyzing all deliveries to one destination city per day of the year.

3.1.1 Summary of Variables

Following are the variables used for modeling CO. emissions for all the scenarios:
CO2e (road): CO- equivalent for road transportation

CO2e (inflight): CO2 equivalent for flight transportation

COze (air): Total COz equivalent for air transportation

a: Air delivery

r: Road delivery
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i: Origin node coordinates

j: Destination node coordinates

I: Invoice value

lij: Total invoice value for goods delivered from origin node i to destination node j

Ir, Inr: Invoice value for refrigerated and non-temperature-controlled deliveries respectively
Wy, Whr: Weight for refrigerated and non-temperature-controlled deliveries respectively
Ia, Ir: Maximum shipment value in air and road shipment

0: Outbound days

dr: Refrigerated deliveries

dn: Non-temperature controlled deliveries

D: Distance

W: Weight

W,: Total weight shipped to the destination city j on outbound day o

k: Circuity factor for adjusting road distance

u: Uplift factor for adjusting air distance

hij: Haversine distance from origin node to destination node

dij: Road distance from origin node to destination node considering the circuity factor, k

fij: Flight distance from origin airport to destination airport considering the uplift factor, u

re: Road emissions factor

ae: Air emissions factor

rn: Road emissions factor, non-temperature-controlled
r. Road emission factor, temperature-controlled

an: Air emissions factor non-temperature-controlled
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at. Air emissions factor temperature-controlled

n_air: Number of deliveries for air shipment

n_road: Number of deliveries for road shipments

k1, ka2, ka; Distance covered in km for first, second and third leg of air deliveries
t: Total kilometers

tij: Tax% for goods delivered from origin state i to destination state j

V: Tax amount

p: Product family

np: No of deliveries for new product family

Cp: Convenio tax percentage for a product family p

te: Effective tax amount

I+j: Invoice distribution factor for destination city j

Ipj: Invoice value for a product family p for last year for destination city j
Enj: Estimated Invoice value for new product for a city j

Pvn: Projected Invoice value for new product n

W, : Estimated weight of new product introductions delivered to any city j
Wy: Approximate weight(kg) per $R value for new product introductions
Ov: Expected average order value per delivery

pj: Population of a city j

ptj: Population distribution factor for a city j
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3.1.2 Data Collection on Brazilian Cities and Airports

For understanding the demographics of the Brazilian population served by the supply chain
network, data from Kaggle Brazilian cities was utilized (Parada, 2022). This data allows us to
filter cities by many demographic features. The next dataset leveraged is the Brazilian airport
dataset that is compiled from the Civil Aviation agency. Utilizing the dataset involves a Rstudio
package called flightsbr (Pereira, 2022). Out of the 503 airports present in the airport dataset, 42
were identified as being utilized in pharmaceutical distribution, and these are the only ones
included in the modeling. If required, additional airports can be loaded into the dataset to update

the operational network.

3.1.3 Latitude-Longitude Mapping

For the latitude-longitude mapping of demand nodes within Roche’s operational network, data

was collected manually from the following data sources:

e https://simplemaps.com/data/world-cities (Pareto Software, LLC, 2023).

e Brazil city and airport datasets mentioned in Section 3.1.2

e Google Maps (Google Maps, 2023).

3.2 Data Visualization

Data is plotted using ArcGIS software to visually represent the locations of airports, distribution
centers, and customer demand nodes. Conceptualization and presentation of data to Roche were
performed with ArcGIS Story Maps. ArcGIS was also used to identify the weighted center-of-
gravity (CoG) for the location of a proposed new warehouse location. This proposed location is
strategically situated at the weighted center of the invoice value from the diabetes and
pharmaceutical divisions. Each city of customer node demand is therefore weighted based on the
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total invoice value of combined division demand that is shipped to each city. Figure 4 below

contains a visualization of the two current distribution center locations used in the base case

scenarios as well as the suggested new CoG.

Figure 4

Visualization of Selected Airports and Distribution Centers
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3.3 CO2e Emissions Calculations

Emissions calculations are based on emission factors that are specific to the mode of
transportation. The emissions factors are further segmented into categories based on the
temperature requirements of the shipment. Emissions calculations for both categories are done
separately and then added together to present the final emissions estimate. Table 1 lists the

emissions factor for each delivery mode as well as the temperature condition requirements.

Table 1

COze Emission Factors (DEFRA 2021)

CO2e Emission Factors kg CO2e
Air Short Haul 2.55439
HGV (>7.5 - 17 tonnes), Diesel Average laden 0.42240
HGV Refrigerated (>7.5 - 17 tonnes), Diesel Average laden 0.50306
Average Vans (up to 3.5 tonnes), Diese