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Abstract—The growing global population and the consequen-
tial increasing food demand have had a great impact on the
environment and thus on the climate. Efforts are being made
to reduce carbon footprint to mitigate such effects. Calculating
the carbon footprint of food products is complex and requires
the cooperation of all the stakeholders of the food supply chain.
A record keeping system for tracking carbon footprint while
preserving privacy for the related parties is needed. This paper
presents a new implementation of blockchain for tracking of
carbon footprint on food production and transportation stages.
We designed a system that tracks the carbon footprint of food
processing facilities and transportation parties using cluster-
based record keeping while preserving their privacy. We im-
plemented the proposed carbon footprint chain and evaluated its
throughput and latency under different scenarios. We show that
our blockchain implementation is capable of operating with a
larger number of nodes without any scalability issues.

Index Terms—Food production, Carbon footprint, Life Cycle
Assessment, Supply chain, Freight movement, Blockchain, RAFT,
Consensus Algorithm.

I. INTRODUCTION

The world population is estimated at 7.7 billion in 2019
and is projected to reach 9.7 billion by 2050 [1]. Recent
studies have shown that not only the Earth’s population is
increasing, but also the per-capita food demand [2], [3]. On a
global average, an adult in 2014 was 14 percent heavier, 1.3
percent taller, and had a 6.1 percent higher calorie demand
than the average adult in 1975 [3]. The increasing demand for
food has resulted in an industrialized food production system
around the globe that has significantly impacted the land
use (deforestation for agricultural farms), the climate (carbon
emissions from agricultural activities), and the environment
(agricultural runoffs) for a sustainable growth [2].

Efficient management of the food supply chain has the
potential to reduce its carbon footprint (CF), environmental
impact, and ensure food safety [4]. Many research studies have
attempted to account for the carbon footprint of food supply
chains [5], [6]. However, the interconnection of the stages
of supply chain involves multiple stakeholders from produc-
tion, processing, transportation, distribution, consumption and
waste disposal with often conflicting interests, making it hard
to retrieve fine-grained data for an accurate analysis [7].

Researchers often use life-cycle assessment to evaluate the
environmental impact from all the stages of a product’s life
cycle [8], [9]. For food products, a significant amount of
carbon is generated by agricultural farming activities [10].
Processing, storage, packaging, and distribution of food also
contribute to its carbon footprint. Among all the life cycle
stages, transportation of food plays a critical role in connecting
all of its life cycle stages. It is reported that transportation of
food accounts for 11% of all greenhouse gas emissions during
the food life cycle in the United States [11]. However, lack
of access to data in transportation reduces the accuracy of the
estimation of the carbon footprint of this stage [12].

The Freight Analysis Framework, provided by the U.S.
Department of Transportation, integrates data from agriculture,
extraction, utility, construction, service, and other sectors to
provide a view of freight movements among states and major
metropolitan areas by all modes of transportation [13]. This
data has been used for estimating freight movements across
different states and regions. However, the available data does
not provide fine-grained product categories for accurate cal-
culation of the generated carbon footprint for each product.
Furthermore, the actual distribution routes the freight moves
from the source to the destination are unknown. Therefore,
there is a need for the availability of the transportation data for
an accurate calculation of the total amount of carbon footprint
from a single product across its life cycle.

To address the issue of tracking carbon footprint for the
transportation of food, we propose a new blockchain frame-
work, called carbon footprint chain (CFC), to provide infor-
mation on the pre-consumption stages of the food life cycle
(from farm to processing, production, packaging, distribution
and retail stages). The proposed CFC uses private clusters
for verification of occurrence of events in each of the stages
of the food products’ life cycle. This cluster ensures that
there is no single large blockchain, which is difficult to scale.
The cluster-based approach also makes it hard to corrupt the
blockchain due to the constant change of leaders of each
cluster, and the fact that corrupted node can only corrupt a
single cluster, but not the whole blockchain. Our approach
uses a Raft-like blockchain consensus algorithm to achieve



high performance and scalability. Blockchain provides a means
for stakeholders from the food supply chain to publish their
data on transportation without disclosing private information.
While taking into account the security vulnerabilities and a
large number of facilities for each of the life cycle stages, the
CFC is built on a decentralized network to ensure it’s scalable
and secure.

The remainder of the paper is organized as follows. Section
IT reviews the related work and common issues in blockchain
implementations. Section III presents the design details of the
proposed system including network structure, validation pro-
tocol, and data structure. Section IV presents the experimental
set up used in the evaluation of the CFC and the obtained
results. Section V concludes the paper.

II. RELATED WORK
A. Life Cycle Assessment
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Fig. 1: Life cycle stages.

Life cycle assessment (LCA) is a tool that evaluates the
carbon footprint of a product throughout its life cycle [14]. The
stages considered in a general product life cycle are raw mate-
rial extraction, production, processing, transportation, storage,
consumption, waste disposal, and recycling. The boundaries
of LCA are defined at the time of the study. Often, data from
the food transportation stage is not accounted for in LCA. In
some studies, rough estimates based on international or state-
wide trade data are used instead. However, transportation is not
only a life cycle stage, but a common intermediate phase as
food transfers from one stage to the next stage of the produce
life cycle. In our study, we focus on examining the carbon
footprint generated by the transportation of food.

B. Blockchain

The proposed CFC provides a framework to record and
share data among various stakeholders while maintaining their
privacy. Blockchain is a distributed ledger that contains blocks
of transaction records. Each participating peer, or node, holds
and processes a copy of a block. A variety of data can be stored
in a block. Each block is directly connected to a previous

block, creating a chain. The Blockchain data are resistant to
modification except when allowed by the majority of peers.
Blockchain is based on the interaction principles of peer-to-
peer networks and utilizes distributed hash tables. If a node
modifies the data stored on its local blockchain, it is detected
during the validation process as the hash of the previous block
will not match any other node’s blockchain. This validation
process forces the node to either request the full blockchain
from the cluster leader or leave the network. Here, we consider
each blockchain is processed by a cluster of nodes, where one
node is the leader. Data modification can be performed only
when over 51% of the nodes experience the same modification
[15].

An application of blockchain in the food industry has
focused on food traceability to provide a better tracking
system to ensure food safety [16]. A study implemented
a radio-frequency identification (RFID) and blockchain to
track food products on all stages of its life cycle [17]. The
authors used BigchainDB to resolve the scalability issues of
traditional blockchains. Such implementations have already
been in use by large corporations. IBM has also developed
a blockchain tool for food traceability [16]. This tool uses
a Hyperledger Fabric, which is another typical blockchain
implementation, although not completely distributed [18].
None of the blockchain implementations in food industry are
concerned with the calculation of the carbon footprint of food
systems, which we address in this paper.

C. Common Issues in Traditional Blockchain Implementation

Conventional or Bitcoin blockchain faces a few significant
issues in terms of scalability. Bitcoin blockchain processes
only one transaction per second (tps), with a theoretical
limit of 7 tps. Taking that into account, Bitcoin has a lower
throughput than the majority of other networks used nowadays
[19]. Bitcoin’s block size is around 1MB with the total size of
the entire network reaching over 200 Gigabytes in March 2019
[20]. In the case of supporting more transactions, similar to
those in payment systems, the size of each block is expected
to increase rapidly. This growth of blockchain is nonscalable
[21]. Therefore, only large nodes with enough storage space
and computation resources can participate in the consensus
algorithm, centralizing the entire network, and leading to the
opening of a security vulnerability. In this case nodes with
large storage can dictate the decisions through a majority vote.
Validation time for Bitcoin blockchain takes 10 minutes, which
is longer than any other network [22]. The disadvantage of
Hyperledger fabric is that it is a private blockchain, therefore
it doesn’t allow complete transparency. This blockchain imple-
mentation does not prevent corrupted data from being written
into the Blockchain [23]. A novel blockchain implementation,
Tendermint is commonly used in internet of things (IoT)
blockchain implementations, however it represents a loose-
First In First Out (FIFO) capability, resulting in out-of-order
transactions [24]. The lack of ordered blocks would not work
for our purpose of tracking the movement of food products
from one life cycle stage to another because trucks transport



food from facilities in one stage to the next in order. For
example, a truck needs to first go through the farming facility
to pick up goods to transport them to processing facilities. If
the record has not been stored in the blockchain yet, then the
truck will not be validated.

IIT. PROPOSED CARBON FOOTPRINT CHAIN SETUP

In this section, we introduce our proposed carbon footprint
chain (CFC) for tracking carbon footprint in the food systems.
The proposed system is a lightweight and scalable Blockchain
implementation that uses private clusters. We use CFC for
recording and verifying the transactions of the life-cycle stages
using a Raft-like consensus algorithm.

A. Life Cycle Assessment

Figure 1 shows the life cycle stages considered in this study.
Our study primarily focuses on the transportation systems
used in each of the food life cycles as they may provide
more accuracy carbon footprint assessment. For simplicity,
the consumption, waste disposal, and recycling stages are not
included in this study but they will be considered in the life
cycle assessment in future work.

B. Network

The CFC consists of private clusters, each representing a
stage of the food life cycle. Nodes on each private cluster
represent the facilities used on that stage. Because about 70%
of food in the U.S. is transported by trucks, we represent
transportation as the use of trucks as the sole sole form
of transportation [25]. Nevertheless, the CFC system can be
easily adapted to heterogeneous transportation means. We
consider that trucks record the carbon footprint through a
heavy-duty on-board diagnostics system. The recorded data
such as type of goods, amount, mileage travelled, are sent
to a cluster when a truck enters a new life cycle stage (e.g.,
when food arrives from a farm to a processing plant, or from a
processing plant to a distribution center). Each life cycle stage
has its own private blockchain cluster.

C. Block Formation

Each truck has an Electronic Logging Device (ELD) that
collects data directly from the truck through a Heavy Duty On-
Board Diagnostics (HD-OBD) device. According to the 2018
revisions by The California Air Resources Board (CARB),
heavy-duty trucks are required to store their CO2 emission
data while in operation. Storage of similar data for greenhouse
gas emissions is already required on light-duty and medium-
duty trucks [26].

The electronic logging device consists of a Raspberry Pi
connected to the HD-ODB with an LTE Module for Internet
connection and a GPS module for recording the actual route
followed by the truck. The data collected on the ELD consist of
a timestamp, food product identification number, truck vehicle
identification number, amount of transported food, the stage
the truck is coming from, and the network address of the
previous block. Initially, the data is structured as a dictionary.

Block Header Transaction
Cluster_id VehicleldNumber
Index Start_time
Leader End_time
Mertkle Root Miles_traveled

PreviousHash Carbon_footprint

TimeStamp FoodProductidMumber

Amount_of_food

Transactions
Transaction 1
Transaction 2
Transaction 3
Transaction 4

Fig. 2: Block structure.

By applying a one-way hash function (e.g. SHA256) on
the data, a blockchain block is created. Figure 2 shows the
block and transaction structure. Our implementation utilizes
a Merkle tree to store the data in the Blockchain [21]. The
Merkle tree summarizes all transactions in a block. Each leaf
node is a hash of transactional data, and each non-leaf node
is a hash of the child nodes.

D. Blockchain Consensus Algorithm
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Fig. 3: State diagram of consensus algorithm.

The proposed CFC has three types of nodes: leader, fol-
lower, and candidate nodes. A leader is a node that broadcasts
the blocks to other nodes. A follower is a node that listens
to the broadcast, and a candidate is a node that initiates an
election. Figure 3 shows the state diagram of node transitions
of the consensus algorithm. Each node has a randomized timer
also known as the heartbeat. The node that reaches the end of
the timer first broadcasts a state change to a candidate node,
and requests a vote of approval to become the leader. The
follower nodes approve elected leader unless there is another
candidate node requesting an approval. When nodes reach
consensus, the elected leader broadcasts a request to the rest
of the network, looking for potential contentions from another



node that may have a higher term number. We implement a
Raft-like consensus algorithm. Different from Raft, the leader
node does not have a direct access to the local blockchains on
every node. In fact, the leader node only broadcasts a single
block of transactions that are replicated across every node’s
state machine. The blocks inside the state machine of a node
are then written to the local blockchain on every node.

if not getLeader() then
return False

end
values = request.POST
if getLeader() is not self-node then
url = getLeader() + ”/transaction/create”
response = forwardRequest(url, values)
if response.status then

| return True
end

if self.clustername is not ”Farm” then
/% get truck’s origin and validate the

block’s hash from the random node in
previous cluster */

prevHash = values[”PreviousHash”]

prevNode = values[”PreviousNodes™]

node = random(PrevNode)

url = node +”/validate/hash”

response = forwardRequest(url, prevHash)

if not response.status then
return False

end

/+ currentTransactions is a replicated
List on the distributed cluster.
Transactions added to the leader get
replicated across all nodes.
sync=True makes the function blocking
x/

transaction = getVehicleInformation(values)

self.cluster.currentTransactions.add(transaction,

sync = True)

end

end
Algorithm 1: Consensus algorithm.

Algorithm 1 shows the detailed implementation of the con-
sensus algorithm. As the truck arrives at a new stage/cluster, it
broadcasts its records to the nodes in that cluster. The records
passed from the truck between different blocks include: the
previous stage or cluster of the truck, the address of the
previous block, traveled path, amount of carbon footprint,
timestamp, food product identification number, trucks vehicle
identification number, and the amount of transported food.
The algorithm first checks whether the current cluster is the
first cluster and do not have a previous cluster before that.
In order to validate the truck and its freight, the algorithm
checks where the truck comes from, which is verified by the
address of the previous block and the name of the previous

cluster. The address of the previous block is used as a key to
retrieve the information from the blockchain. The algorithm
randomly picks a node from the previous cluster and makes a
request to validate whether that block exists or not. If the block
exists, the current transaction is replicated across all nodes of
the current cluster concurrently. Otherwise, the information is
rejected and is not written on the blockchain.

Requests latest blockchain

I to validate trucks request \\

Transitions to new stage

Farms S

h Facility Node

Ry, Truck/ Client

Fig. 4: Communication between clusters.

IV. EXPERIMENTAL RESULTS

We implemented the proposed CFC in Python using Quart
and Asynchronous I/O library, asyncio. Quart library is used
to create a web server that runs the API Endpoints. The
experiments were conducted on a Dell tower with Intel Xeon
Gold 5122 CPU running at 3.6 GHz and 16 GB of memory,
running Ubuntu 18.04.

We simulated the data that come from the HD-OBD and
use the web application’s Application Programming Interface
(API) endpoints to broadcast the data. Each node on the
network runs locally on the machine on a separate localhost
port.

We evaluated the performance of a CFC with six clusters,
each cluster representing a life cycle stage. Each cluster has a
different number of nodes and various number of transactions
per block. We first experimented with five nodes per cluster
and generated one thousand blocks with 5, 10, 20 and 40
transactions in each block to evaluate the block creation time
and transaction time.

We also tested the election time for each cluster to elect a
leader with 5, 10, and 15 nodes per cluster.

Figure 5 shows the cumulative distribution function (CDF)
of block creation time with six clusters using five nodes per
cluster and 6006 transactions, including six genesis blocks.
The figure shows that 90% of the time, the block creation
time is smaller than 0.3 seconds. For reference, note that the
Bitcoin network requires around 10 minutes for a single block
creation [22].

Figure 6 show the box plot of the distribution of time per
transaction within each cluster, for all six stages. Because
the first cluster does not need to validate the block of the
previous cluster, it takes the smallest amount of time, which
is an average of 1.2 seconds per transaction. The time it takes
to create a transaction on the other clusters is similar because
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the clusters only have to check if the block in the previous
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Fig. 7: Leader election time.

Figure 7 shows the average election time as the number of
nodes per cluster increases. The election time to elect a leader
increases as the number of the nodes increases. For example,
with 40 nodes per cluster, it takes about 1.75 seconds to elect
a leader.

Table I provides the detailed average transaction time in
seconds for each cluster when the number of transactions is
5, 10, 20 and 40. When the number of transactions is smaller

than 40, the transaction time is in a few to tens of millisecond
range. When the number of transactions increases to 40, the
delay increases significantly to hundreds of milliseconds. This
may be caused by the resource sharing in a single machine
simulation environment.

TABLE I: Average transaction time for each cluster vs. number
of transactions

Average transaction time (s)
Stage Number of transactions
5 10 20 40
1 0.0098 | 0.0095 | 0.0092 | 0.1016
2 0.0128 | 0.0158 | 0.0146 | 0.5593
3 0.0134 | 0.0141 | 0.0163 | 0.7274
4 0.0130 | 0.0155 | 0.0164 | 0.6588
5 0.0154 | 0.0129 | 0.0140 | 0.6616
6 0.0158 | 0.0152 | 0.0158 | 0.6632
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Fig. 8: Cluster throughput vs. cluster size.
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Figure 8 shows the throughput for each cluster measured in
average number of tps with different cluster sizes (defined as
the number of nodes in the cluster). The average throughput
for all clusters is above 60 tps when the cluster size is below
40.

Figure 9 shows the storage requirement as the block size
(number of transactions) increases. The file size increases
when the number of transactions increases. The required
storage is less than 4 MB when the number of transactions
is 40.

These results show the proposed CFC achieves high per-
formance in terms of block creation time, leader election
time, and average transaction time as the blockchain grows
as compared to that of a Bitcoin blockchain. CFC can also
handle a large number of transactions per second as compared
to the traditional blockchain. The cluster-based approach en-
sures that the block size does not grow exponentially as it
occurs in a conventional electronic payment system. Because
a transaction is reported only when a truck enters a facility
in the next food life cycle stage, the number of concurrent
transactions is limited. Evaluating the CFC security is needed
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Fig. 9: Required storage vs. number of transactions per block.

to understand the possibility of corrupting a majority of nodes
in a cluster with fake transactions. This evaluation is left for
future research.

V. CONCLUSIONS

We proposed a cluster-based blockchain implementation,
which we call the carbon footprint chain, to provide a
lightweight distributed-record keeping system for tracking
carbon footprint in transportation of food, which is performed
when food is transported from one stage to the next in the
food life cycle. The proposed carbon footprint chain has six
clusters, each of which representing a food life-cycle stage.
The facilities within each life cycle stage form the blockchain
nodes. Each block contains information about transported
goods, carbon footprint, mileage, previous cluster information,
etc. Transaction records are added to the block when trucks
transport food product from one stage to another. The proposed
CFC adopts a Raft-like consensus algorithm by arbitrating
decision making on leader election within a cluster, node
addition and block updates. We implemented the CFC through
web application interface with nodes communicating through
a TCP/IP network and evaluated its throughput, latency, and
storage. Results show that the proposed CFC has a small block
creation time, which is in the order of seconds, and lower
average transaction time. The system has a higher throughput
with a linearly increase in the amount of storage needed at
each block.
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