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EXECUTIVE SUMMARY
This report considers how strategic assessment models of freight transport in the EU can
represent the two main drivers of change in logistics: digitalisation and decarbonisation. Current
freight transport modelling approaches might be able to represent pathways of low carbon
technologies adoption according to the Paris Agreement goals but, they are not able to represent
the impact of structural system change in achieving decarbonization goals. This report first
provides a literature review on freight transport models and strategic assessment models and
tools for the EU and EU policy support. Then, we review and discuss the application of agent-
based models (ABMs) in the future assessment models. Next, we review and discuss two of the
most important digital technology disruptions and trends in future decarbonization: 1)
synchromodality and supply chain synchronization and 2) the impact of blockchain technology on
decarbonization in logistics and supply chain.
The literature review of the most important strategic transport models in Europe can be
summarized as:

 Except one model (Transtools3), none of these models uses a detailed approach such as
aggregate-disaggregate-aggregate (ADA) in freight demand.

 None of these models uses a life cycle analysis (LCA) approach for emission analysis.
 Except models like ASTRA-TRUST and TransTools3, the other current models do not use a

linkage to a network-based models for receiving a feedback loop for analysing the impact of
policy measures.

 None of these models are coupled with network-based models or with a tour formation
approach for e.g., Total cost of ownership (TCO) estimate for different vehicles and modes in
road freight transport in each region.

Large-scale logistics and freight transport models at international, national, or regional levels can
use ABMs in three following ways: 1) Exchange data between models (ABM(s) and macro-level
models), 2) Conducting supplementary sub-studies (which are done simultaneously and
separately by ABMs and macro-level models), and 3) Integrating macro-level and ABM in one
single package.

Synchromodality and supply chain synchronization

Supply chain synchronization can be discussed from decentralized and centralized perspectives.
Decentralized supply chain synchronization requires digital technologies such as blockchain.
Centralized supply chain synchronization can happen via cross chain control centre concept.

Cross chain control centre might include supply chain control towers, logistics service control
towers, and reverse supply chain control towers. The analytical tools in control towers need to
provide business intelligence support for identifying a problem or a potential crisis and suggest
resolution scenarios.

Blockchain Technology

The analytical models used for modelling blockchain technology in literature are mathematical
modelling approaches such as Petri-Net models (Cavone et al., 2018), game theoretical studies,
optimization, simulation and other computational based studies like meta-heuristics in topics such
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as product information disclosure, smart contracting, sustainable operations, supply chain
finance, and data analytics and uncertainties (Choi and Siqin, 2022).

Important factors and items for blockchain adoption in logistics also can be identified by using
theoretical frameworks such as technology-organisation-environment (TOE) (Orji et al., 2020,
Kouhizadeh et al., 2021). These factors should include layers such as circular economy, shared
economy, cloud manufacturing, policy measures, paradigm shift in monitoring and information
sharing.

New types of models
Models of information flows as well as physical goods flows
Such models could simulate the physical internet and blockchain technology. The models could
be coupled with network-based models. The network-based model can give feedback loop to the
economy and transport demand models for analysing the impact of policy measures. These
models also can be coupled with tour formation approaches to improve mode chains and logistics
decision modelling.
‘Big models’ for ‘Big Data’ or Aggregate-Disaggregate-Aggregate (ADA) models
A major change is already happening in freight transport modelling, through the application of
new ‘big’ data and increasing applications of approaches from complexity science, such as
network models and ABMs. These models would need to use large, shared datasets – using
blockchain technology for confidential data if necessary to make the data sharing between
companies more attractive. Another alternative would be to use simulated data based on smaller
samples for global positioning system (GPS) and automatic identification systems (AIS) data for
road vehicles, ships, and aircraft. These could calibrate models for operational analysis, for
example predictive production and distribution. Such ‘big models’ using new modelling structures
need to establish their legitimacy with stakeholders in the policy making process.
Rapid response models for stakeholder processes.
Models that run quickly and that can have their parameters changed rapidly to address alternative
policy combinations would enable a more interactive relationship between freight transport
modelling and policy proposal assessment. They could also be applied in living labs, where new
ideas and technologies are being tested.
Finally, we identify some policy areas, especially around digitalisation, that may require new types
of assessment.  These include Data sharing and data standards, Low carbon infrastructure with
combined energy sources / hybrid vehicles, Scenarios of low conventional demand growth and
Scenarios of more complex urban distribution structures.
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1 Introduction
In Köhler and Brauer (2022), it is concluded that the current freight transport modelling
approaches might be able to represent pathways of low carbon technologies adoption according
to the Paris Agreement goals; however, they are not able to represent the impact of structural
system change in achieving decarbonization goals. Current freight transport modelling
approaches lack information and insights in the following areas: plausible projections of how the
different aspects of change in logistics will drive structural change in logistics, scenario simulations
that build up on interlinked system changes of new digitalised logistics structures and zero-carbon
energy in freight transport and policy package simulations that will actually deliver sustainability.
In the report, the structural system changes in freight transport are discussed broadly from the
impact of different digital technologies (i.e., artificial intelligence (AI), Big data, Big data analytics,
internet of things (IoT), global positioning system (GPS) and automatic identification systems
(AIS) data, dynamic simulation, blockchain, physical internet (PI), crowdsourcing platforms, smart
mobility), new market and institutional structures concerning different levels of vertical integration
and horizontal cooperation of supply chain (i.e., considering changes in service/business models,
contracts, information sharing), low carbon fuel operating patterns, and predictive algorithm for
demand, production, supply, and distribution of goods.
The D2.1 report (Köhler and Brauer, 2022) further argues that the structural system change in
transport modelling can be also discussed as socio-technical transition for sustainable innovation
(or particularly for disruptive innovation aspects such as alternative fuels, powertrains,
digitalization aspects in transport system). Accordingly, models covering impacts of structural
changes should have the necessary features such as: capability of representing non-linear
behaviour, qualitatively different system states, changes in social values and norms, diversity and
heterogeneity, dynamics at and across different scales, and capability of incorporating open
processes and uncertainties or contingencies.
As one of the main possible solutions it is suggested to use the ABM approach combined with
network-based freight transport models to analyse policy scenarios based on different levels of
digitalisation which also covers socio-technical interactions with different sectors over the whole
supply chain and logistics systems. The emphasis in the modelling approach is on how to model
the real behaviour of transport system based on disruptive innovation scenarios for new
digitalized and low-carbon technologies. The following paragraphs aims to provide more detailed
insight into decarbonization strategies in freight transport systems and systemic changes in
transport systems.
Decarbonization strategies are classified into five groups (Ghisolfi et al., 2022). These strategies
are reducing freight transport demand, shifting freight to lower-carbon transport modes,
improving assets utilization, increasing energy efficiency, and switching to lower-carbon energy.
Similarly, according to Teter et al. (2017) and Mulholland et al. (2018), disruptive technology
innovations for decarbonization strategies in transport sector can be divided into the three main
groups: energy efficiency improvement for vehicles, alternative powertrains and fuels and
systemic change improvements:
The vehicle’s energy efficiency improvements include measures such as aerodynamics, low rolling
resistance (LRR) tyre pressure systems (TPS), light weighting, transmission and drivetrain, engine
efficiency, idling reducing technologies, hybridization (Mulholland et al., 2018).
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The alternative powertrains and fuels are natural gas, biofuels (biodiesel, hydrotreated vegetable
oil (HVO), and biomethane) and electric powertrain (fuel cell electric vehicle (FCEV), battery
electric vehicle (BEV)) (Mulholland et al., 2018).
Teter et al. (2017) and Mulholland et al. (2018) discussed systemic improvement for the future
decarbonization strategies and measures in the road freight transport system based on different
levels of barriers (i.e., corporate, technical, and political barriers) in low-carbon technology
adoption. The extended list of measures for road freight transport consists of physical internet
(PI), autonomous trucks, co-loading, co-modality, crowdshipping, drones, urban consolidation
centres, hight-capacity vehicles, backhauling, vehicle utilization, last-mile efficiency, platooning,
retiming deliveries, driver training, and routing. Some of the measures such as PI, co-loading,
urban consolidation centres, and backhauling require external collaboration across supply chain.
The measures might have different impacts on different segments and modes of road freight
transport and their impact can be represented by aggregated parameters such as vehicle
movement measured in vkm, energy intensity in MJ/vkm, and utilization rate or load factor
(Mulholland et al., 2018). Regarding the definition of each measure, they share overlapping
impacts on critical parameters such as utilization rate, demand, and energy consumption.
Regarding the broad and general assumptions of potential improvements for these measures,
without taking their synergy and interactions into account, these models might represent
unrealistic results. Although the aggregated impact of these systemic structural measures is
significant (Mulholland et al., 2018, Teter et al., 2017) in the efficiency of energy consumption
and emission reduction potential in the whole supply chain system, their impact is neglected in
the current aggregated assessment models.
Regarding the latest version of the sixth assessment report of intergovernmental panel on climate
change (IPCC AR6 WGIII) (Jaramillo et al., 2022), road transport has the largest share of direct
CO2 emissions of the whole transport sector (70 % share ) followed by the other transport modes:
air transport (12 % share), inland waterway and naval transport (11 % share), rail transport (1
% share). Hence the road transport (both passenger and freight) has the largest decarbonization
potential. Since AR5, it has been emphasized that systemic infrastructure changes must deal with
behavioural modifications and reducing the demand for transport services. In other words, the
demand management is the key factor for decarbonization in transport sector. The adoption of
disruptive technologies for decarbonization strategies should be coupled with behavioural
changes in the transport sector. Otherwise, the decarbonization strategies will fail in the
implementation stage.
One promising approach for transport disruptions and transformations toward decarbonization
targets is suggested by using a balanced and inter-modal application of Avoid, Shift, and Improve
change approach (Jaramillo et al., 2022). Apparently, such a disruptive or transformative changes
cannot only happen via technological change and will require a paradigm shift that secure and
prioritize the high-accessibility and optimized transport solution based on human needs. The key
technology and policy areas for decarbonization strategies in the current version of IPCC AR6
WGIII (Jaramillo et al., 2022) are suggested through electro-mobility in land-based transport
vehicles, new fuels for ship and planes, and overall demand reductions and efficiency. These
strategies need to be planned and integrated in all levels of government with a coordinated and
multi-modal approach over the supply chain and logistics systems according to sustainable
development goals (SDGs) (Jaramillo et al., 2022).
IPCC AR6 WGIII (Jaramillo et al., 2022) highlighted and discussed the most important systemic
change aspects in transport sector such as urban form, circular economy, shared economy or
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digitalisations trends. The urban form, physical geography and transport infrastructure might
reduce up to 25 % of fuel consumption in transport. This reduction is possible by the combination
of factors such as using more compact land use and less car-dependent mobility. The urban form
seems to have an impact on short-distance trips in urban area (not specified if relevant for
passenger or freight transports).
Transport demand management incentives can support systemic changes through combination
impacts of circular economy initiatives, shared economy initiatives, and digitalization on demand
for transport services. The model for reflecting their impact needs to have an all-inclusive
approach over supply chain, trip purposes (passenger and freight) and all-transport modes (single
mode and multiple modes). For example, dematerialization strategies such as using 3D printing
might reduce the need for transporting materials to multiple manufacturing facilities, but an
increase in online shopping will increase the demand for freight transport in urban area. Another
paradoxical example of digitalisation is ridesharing which might lead to increase vehicle km
travelled by increasing the transport service with lower cost compared to public transport. The
following paragraphs discuss the three main new demand concepts that affect structural and
behavioural transport mode emission related choices: circular economy, shared economy, and
digitalisation.
Circular economy concept would result in increased material efficiency, re-using or extending
product lifetimes, recycling, and green logistics. Dematerialization is another principal of circular
economy which can lead to more efficient production processes. One of the examples of
dematerialization can be the use of smart phones to provide services of many other devices.
Another example of dematerialization can be the use of 3D printing. Some aspects of
dematerialization (like 3D printing) have questionable impact on GHG emission reduction in
transport section. The answers need to be addressed in the whole product ecosystem.
Shared economy concept is arguably and rapidly growing in transport sector via for example car-
sharing and on-demand mobility. The concept would reduce the demand, increase efficiency
based on sharing instead of owning assets. There is also uncertainty of the impact of shared
economy on emission reduction in transport segment. For instance, the sharing economy is an
emerging economic-technical phenomenon which also might increase the demand for transport
because of providing more comfortable service with a lower price compared to the conventional
options.
Digitalization is a very broad concept connected to wide range of disruptive innovations and
technologies which might have different impacts on transport emission. Online shopping might
reduce the passenger demand, but it also can increase the demand for freight transport over the
rush hours. Smart mobility paradigm requires technological precedents such as information and
communication technologies (ICT), IoT, and Big Data. There is a growing body of literature to
evaluate the impact of smart technologies on GHG emissions in transport sector. However, it is
unclear what is the net impact of different smart technologies on total GHG emission all over the
supply chain and logistic systems. The main components of smart city paradigm are known as
ICT, IoT, mobility as a service (MaaS), Big Data, Big Data analytics, and blockchain (or disrupted
ledger technology (DLT) (Jaramillo et al., 2022).
Moreover, orchestration of these digital technologies through cyber-physical system (CPSs) or PI
concept can lead to an economically optimized decarbonization solution all over supply chain and
logistics systems (Inderwildi et al., 2022). Accordingly, the list of critical digital technologies can
be developed by adding following items to the above-mentioned ones: machine learning (ML),



No 101006700 STORM – Smart freight TranspOrt and logistics Research Methodologies Page 11/67

edge computing (EC), advanced metering infrastructure (AMI), cloud computing (CC), cloud
manufacturing (CM), smart contracts (SC), sematic web (SW), and digital twin (DT) concepts.
Synchromodality and supply chain synchronization concepts can cover the majority of
decarbonization strategies (Tavasszy et al., 2017, Yee et al., 2019, Dong et al., 2018) as
introduced by Ghisolfi et al. (Ghisolfi et al., 2022). Moreover, these concepts require digital
technology precedents such as PI, IoT, DT, and blockchain (Ambra et al., 2017, Ambra et al.,
2019a, Ambra et al., 2019b, Yee et al., 2019). Among these digital technology precedents, the
role of blockchain technology in the future of logistics and supply chain could be very critical.
blockchain technologies might play enabler roles, for example, for mode-free booking in
synchromodality and horizontal collaboration between different actors in logistics and supply
chains (Pfoser et al., 2021, Tavasszy et al., 2017, Dolgui et al., 2020, Li et al., 2020).
In the following chapters, we first provide literature review of freight transport models and
strategic assessment models and tools in Chapter 2. Then, we review and discuss the application
of agent-based models (ABMs) in the future assessment models in Chapter 3. Chapters 4 and 5
contain literature review and discussion on two of the most important digital technology
disruptions and trends in future decarbonization. Chapter 4 focuses on literature review and
discussion on synchromodality and supply chain synchronization. Chapter 5 focuses on literature
review and discussion of the impact of blockchain technology on decarbonization in logistics and
supply chain. Chapter 6 discusses the current strategic assessment tools in freight transport in
Europe and outlines requirements for the future logistics and freight transport models. Finally,
Chapter 7 provides a brief conclusion of this report.
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2 Freight transport models and strategic assessment tools

2.1 Literature review

2.1.1 Freight transport models

The freight transport models which were developed before 2004 at national and international
levels were reviewed by De Jong et al. (2004). They reviewed the freight transport models in
each step of a classical four step models including steps of production and attraction, distribution,
modal split, and assignment. The following paragraphs represent the summary of this model
review.

Models for production and attraction are listed as trend and time series models, system dynamic
models (like ASTRA), zonal trip rate models, and input-output (IO) models (multi-regional, fixed
or elastic technical and trade coefficient IO tables). Each of these models has its advantages and
disadvantages and can be used for certain purposes. For example, time series models have limited
data requirements as they are based on historical data; system dynamics models can have land
use interaction and be useful for policy effects analysis; trip rates model can be used for zonal
data; and input-output models can link to the economy and policy effects if using elastic
coefficients. In addition to the above mentioned models De Jong et al. (2004) states that the
multi-regional input-output models and related multi-sectoral economic models have been using
the computable general equilibrium (CGE) models only in economics (not focusing on transport
issues). They suggested that the combination of Spatial CGE (SCGE) models, system dynamic
(SD) models, and input-output models can be used for double way dependency between transport
and land use. The available input-output models do not include such interaction and have a one-
way dependency (spatial distribution impacts on transport). However, De Jong et al. (2004)
concluded that the model including a double way dependency might add complexity and increase
run times.

Models for distribution are listed as gravity and input-output models. Gravity models can be used
for policy effects analysis based on transport cost functions with limited data requirements. Input-
output models can link to the economy and interact with land use and policy effects (in case of
using elastic coefficients). (De Jong et al., 2004)

Models for modal split are elasticity-based, aggregate mode split, neoclassical, direct demand,
disaggregate mode split, micro-simulation approach, and multi-modal network models. Models
such as elasticity-based, aggregate mode split, neoclassical, direct demand, and multi-modal
network models are suitable when limited data are available (or needed). Micro-simulation
approach and disaggregated modal split might be suitable when detailed data are available, for
example, for behavioural choices, casual variable, and policy measures. (De Jong et al., 2004)

Models for assignment are listed as separate assignment stage and multi-modal network models.
Separate assignment stage model can combine the freight trips with passenger trips and mode
choice model in this model can be disaggregated. Multi-modal network can combine mode and
route in optimization process. (De Jong et al., 2004)

De Jong et al. (2004) also reviewed some freight transport models used in European freight
models before 2004 such as STREAMS, NEAC, ASTRA, SCENES, and EXPEDITE models. They
compared a fast policy analysis approach (a system dynamics model) with a multi-level
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disaggregate approach (including national/international and regional/urban levels) for the freight
transport forecasting models.

De Jong et al. (2013) continued their freight transport model development review on national
and international levels in Europe for the years between 2004 and 2012. They discussed the
introduction of logistics models (including elements of logistics decision making) at national and
international levels as the most important aspect of freight transport models in this timeframe.
They considered a full freight model system in their discussion from economic activities for
assignment of vehicles to a transport network. The steps in this full freight transport model system
include economic activity, zone of production to zone of consumption flows, logistics choices,
vehicle flows and network assignment.

De Jong et al. (2013) reviewed the most important national freight transport models in Europe
such as Italian national model system, SMILE+, MODEV, BVWP model, TRANSTOOLS, Worldnet,
Norway, Sweden (Samgods), aggregate-disaggregate-aggregate (ADA) model for Flanders,
NODUS model, LOGIS, and Netherland (Basgoed). They discussed the above models’
characteristics based on criteria such as transport mode (rail, road, sea, and air), logistics choices
(generation, distribution, logistics and assignment / modal split and assignment), number of
zones (internal and external), number of commodities (NSTR11 and NSTR2). The logistics model
developed for regional, national authorities or EU between 2004 to 2012 are EUNET, SMILE,
SLAM, TRANSTOOLS (version 1 and 2), Norwegian model, and Swedish models.

De Jong et al. (2013) described and highlighted the decision choices in logistics model. The
logistics model includes modelling the link between trade flows (of commodities) and physical
transport flows (of vehicles). Production-consumption matrices (PC-matrices) describe the trade
volume between producers and consumers of different types of goods (commodities). In these
logistics model the PC flows will be converted into origin-destination (OD) flows based on different
logistics decision choices such as identification of firms, location of warehouse and distribution
centres (DCs), shipment size, consolidation, loading units, mode(s) and chains, vehicle type,
terminals/ports, routes, return transports, and shippers’ choice of supplier. They also defined
three levels of aggregation for choice problems including micro, meso, and macro levels. The
national and international models are subjected to a macro (aggregate) logistics model where its
outputs are used in assignment models (aggregated OD-matrices of vehicles) and aggregated
economic/trade models (transport costs per zone-to-zone PC-relation and commodity).

Similarly, Clausen et al. (2015) represented logistics decisions and modelling steps for logistics
and freight transport models. The logistics decisions are listed as economic activities, purchasing
and sales, logistics planning, transport network planning, tour planning, route choice. Modelling
steps also includes generation, value-tons-transformation, distribution, logistics chain split, lot
size split, transport chain split, modal split, tour building (trips, empty trips, and utilization), and
traffic assignment. Regarding the modelling step, Clausen et al. (2015) suggested using general
modelling methods (mathematical formalization) including statistical analyses, statistical
simulations, distribution methods, optimization, equilibria, and temporal simulations.

De Jong et al. (2021) reviewed international and national freight transport models between 2013
and 2021. The most important international freight transport models developed in Europe during

1 NSTR is a hierarchical classification system for goods in European Union since 1967. NSTR1 and NSTR2 includes   10 and 52 groups, respectively.
The latest classification are based on NST 2007.

https://ec.europa.eu/eurostat/ramon/nomenclatures/index.cfm?TargetUrl=LST_NOM_DTL&StrNom=NST_2007&StrLanguageCode=EN&IntPcKey=&StrLayoutCode=HIERARCHIC
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this timeframe are HIGH-TOOL (Szimba et al., 2018), TRANSTOOLS 3 (Jensen et al., 2019, De
Jong et al., 2017), TRUST (TRUST, 2018), and TRIMODE (Martino et al., 2018). The most
important national freight transport model development in Europe during this timeframe are
aggregate-disaggregate-aggregate (ADA) models.

HIGH-TOOL (Szimba et al., 2018) is a strategic transport assessment tool developed for European
Commission. It is an open-source tool which enables policy makers to evaluate, relatively fast
and easily, the impacts of transport policies of transport, economy, and environment. The model
has a broad “economy and resource” module which works based on spatial computable general
equilibrium (SCGE) principles, vehicle stock models, demography, environment, and safety. It is
relatively fast because of compromising it spatial detail (with 314 zones for NUTS-2 in the EU and
coarser outside). The model follows the conventional four-step approach (the network
assignment step is excluded).

TRANSTOOLS 3 (Jensen et al., 2019, De Jong et al., 2017) is a model considering PC flows as
well as OD flows. It differs from the other European models in terms of choice of (possibly
multimodal) transport chains estimated based on disaggregated data (Jensen et al., 2019) of the
Swedish commodity flow survey (CFS) in 2009 and the French ECHO survey in 2004. The
transport chain models are nested logit models and different types of non-linear cost functions,
such as spline ones were tested. In this model, there are aggregated models for prediction of PC
flows with logsums from the chain choice model influenced by the trade patterns (de Jong et al.,
2017). The zoning system in this model is based on NUTS-32 classification with more than 1,200
zones.

TRUST (TRUST, 2018) is a network assignment model for assessing EU transport policies. This
model serves ASTRA passenger and freight transport demand models and gives feedback to the
transport demand to adjust OD matrices. TRUST considers different modes (road, rail, and
maritime) using the geographical zoning classification NUTS-3.

TRIMODE (Martino et al., 2018) is an aggregate model which combines simulation of transport,
economy, and energy systems to assess the major transport infrastructure and policy changes.
It has a single software platform. The model includes a full four step transport module for
passenger and freight, an energy module with dynamic vehicle fleets for all transport modes, and
an economy module based on a macroeconomic system in European countries (with a two-layer
general equilibrium (GE) model that works in regional and national levels). The model covers
whole EU and its neighbouring countries with zoning classification NUTS-3, multimodal network
assignment, detailed disaggregation transport demand data by NST commodity classification and
handling groups for freight transport. It also considers variety of energy sources and technologies
for different models of transport.

The ADA model was originally developed from the early 2000s (De Jong et al., 2004, De Jong et
al., 2013) and it has three main steps of PC model (explains trade between production and
consumption), logistics model (explains logistics decisions which translates PC-flows to mode-
specific OD-flows), and network model (for assignment of OD matrices in transport networks).
The ADA models in Europe has been used at national levels for Norwegian national freight system

2 NUTS (Nomenclature of Units for Territorial Statistics) is a hierarchical classification system for dividing up economic territories which in EU and
UK. The spatial resolution of this classification is dependent on population threshold and administrative divisions. NUTS-0 and NUTS-1 is mainly
at national boundary. The spatial resolution of NUTS-2 is at level of bundling major cities and metropolitan areas in a country which might divide
the country into a few regions summing up 242 regions in Europe. The spatial resolution of NUTS-3 is at level of big cities and metropolitan areas
summing up 1166 regions in Europe.

https://ec.europa.eu/eurostat/web/nuts/background
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(including a SCGE structure for PC flow estimation, a deterministic logistics cost minimization, and
a commercial assignment package), Swedish national freight transport model (Samgods)
(including a gravity model approach for PC flows, deterministic logistics cost minimization, and
commercial assignment software), Danish national freight transport model (similar to  Norwegian
and Swedish models but with the use of Fehmarn Belt model which can be run based on stated
and revealed preference (SP/RP) data), national freight transport in Austria (including PC flows
from an input-output model, logistics data based on SP/RP data, and a commercial network
assignment package).

According to Clausen et al. (2015), typology of characteristics for strategic freight transport
demand models can be specified based on the level of aggregation, scale of analysis or degree
of detail, reference values, and spatial resolution. The level of aggregation for freight transport
demand models is divided into two classifications of aggregated or disaggregated. The current
strategic freight transport models are mostly considered as aggregated models. However, there
are some national freight transport models that have some levels of disaggregated data (i.e.,
Norwegian and Swedish models with a ADA modelling approach (De Jong et al., 2021)).

The scale of analysis or degree of detail for freight transport demand models can be divided into
three categories of macroscopic, microscopic, and mesoscopic (Clausen et al., 2015). It seems
that the strategic freight transport models are typically in macroscopic category, because most of
the current strategic freight transport models require to have behaviour-homogeneous groups
with aggregated data based on the group types or economic sectors. In macroscopic models,
vehicle or good flows are typically illustrated and discussed with an aggregated national (rarely
regional) level. None of the current strategic freight transport models analyse the impact of single
actor behaviour; therefore, the microscopic models might not be an option for analysis of strategic
freight transport models. In microscopic models, individual agent, firm are illustrated and
discussed. There might be a suitable option for analysing the strategic freight transport models
as mesoscopic models which can combine the macroscopic and microscopic models and analyse
groups of vehicles, agents, firms, or goods.

The reference value for freight transport models might be freight  flow based, vehicle based, and
hybrid based (combination of freight flow and vehicle) (Clausen et al., 2015). The reference value
is a parameter of internal architecture or structure of a model. The flow of goods is estimated
between two traffic analysis zones (TAZs) by using different models (time series models, system
dynamic models, or IO models). In some models (vehicle-based or hybrid), this parameter might
be converted into a vehicle flow based on modal choice (transport mode or vehicle type). Most
recent strategic freight transport models have a hybrid approach for reference value to enable
evaluation of different policy measures.

The spatial resolution classifications for freight transport models are national, regional, urban,
and local options (Clausen et al., 2015). The most of strategic freight transport models have a
national spatial resolution (indicated by TAZs nodes and transport network connection links).
However, there are some strategic freight transport models (i.e., Norwegian and Swedish models
with a ADA modelling approach (De Jong et al., 2021)) which have a regional spatial resolution.

The conventional macroeconomic freight transport models with a global scope typically rely on
modelling of historical data such as national gross domestic product (GDP) to project the trip
generation. These conventional models are not able to reflect the changes due to the globalization
of the world economy, policies, and business behaviour changes. As a result, following three
specific disaggregate approaches are suggested (Clausen et al., 2015) to fill the gaps for freight
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transport modelling ion the national level: 1) a multimodal elastic trade coefficient multi-regional
input-output (MRIO) model for freight demand in Europe, 2) an Aggregate-disaggregate-
aggregate (ADA) freight model system, and 3) A dynamic optimization and differential
Stackelberg game applied to freight transport.

According to De Jong et al. (2021), the freight transport and logistics models have been developed
at international, national, and regional level in many aspects. The improvement of these models
in recent years can be summarized as follows:

 Models that distinguish between PC and OD flows with a multimodal transport chain
approach (HIGH-TOOL, Transtools3, TRIMODE, ADA models),

 Models that distinguish the choice of intermediate storage location along the distribution
channel (TRIMODE),

 Models that reflect supply chain formation in logistics decisions (FreightSim, CMAP, and
POLARIS),

 Models that integrate freight transport models with passenger transport models (POLARIS,
and SimMobility),

 Models that include latent variables in freight transport models (De Tremerie, 2018,
Konstantinus, 2019, Stinson and Mohammadian, 2020). These models might be known as
hybrid models with hard variables (time and cost) and soft variables (environment) or the
integrated choice and latent variable (ICLV) models. Moreover, some of these models
might use discrete choice models based on stated preference and revealed preference
(SP/RP) data. However, these models might be problematic because the latent variable
coefficients might influence the choice. Moreover, the future values of these attitudinal
variables might be difficult to predict.,

 Models developed for urban freight transport:

o Models which reflect the level of shipments with microsimulation approaches (ADA
models are examples of these models on regional and national level),

o Models with explicit consideration of carriers, senders and receivers s(Florida’s
FreightSim model is an example of these models on a regional level),

o Models with dynamic agent-based aspects such as for negotiation of contracts and
learning (Florida’s FreightSim model is an example of these models on a regional
level),

o Models which explicitly consider tour formation (CMAP model on the urban level),

o Models which simulate parcel deliveries, and

o Models which have more detailed emission calculations.

However, De Jong et al. (2021) claims that the current models still cannot address properly the
following issues: integration of production, inventory, transport logistics and departure or delivery
time modelling. Moreover, further model developments are expected in the future for choice
details of sender and receiver, distribution channel, shipment size, port, consolidation and
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distribution, fleet size, combination choice, tour formation, failed delivery order goods, and empty
vehicle trips. Finally, the access to data seems to remain a challenging issue even for the current
models with stablished procedures (regional input/output tables for MRIO models).

2.1.2 Integrated assessments models

According to IPCC AR6 WGIII (IPCC, 2022, Jaramillo et al., 2022), three types of models are
classified to show the decarbonization pathways for transport system: integrated assessment
models (IAMs), global transport energy sectoral models (GTEMs), and national transport/energy
models (NTEMs). The common assumptions in these models are trajectories of socioeconomic
development, technological development, resource availability, policy, and behavioural change.
The main differences between these models lay on their depth of technological and behavioural
details, sectorial, and regional scopes.
IAMs have the following characteristics: they integrate factors from other sectors (economic and
energy system, building sector, and industry sector) endogenously with transport sectors such as
fuel availability and costs; they minimize mitigation costs for achieving the temperature goal
across all sectors of the economy over a long-time period; they capture mitigation options for
energy changes with technology/fuel details which are linked to other sectors; in some scenarios
with large-scale electrification in transport sector, the IAMs couple with other sectors for fuel
production, storage, and utilization (IPCC, 2022, Jaramillo et al., 2022).
G-/NTEMs have the following characteristics: they have more details in transport demand,
technology, behaviour, and policies than IAMs; they usually interact exogenously with other
sectors with a risk of missing some critical interactions (i.e., price, carbon intensity of electricity);
they have minimum national spatial resolution for covering national policies in transport and
energy sectors; they have more explicit details of mitigation options for activity and modes with
spatial, cultural, and behavioural details (IPCC, 2022, Jaramillo et al., 2022).
IPCC AR6 WGIII (IPCC, 2022) used following G-/NTEMs for showing decarbonization pathway in
transport sector: IEA Mobility model (MoMo), Global Transport Roadmap, MESSAGE-Transport
V.5, and GCAM. They have a global scope with a resolution on the level of country groups. The
transport models are discussed based on modelling type and the problem type. The modelling
types are classified in four groups of optimization model, simulation model, accounting model,
and heuristic model. The problem types are classified in four groups of backcasting, forecasting,
exploring feasibility space, and impact analysis. They have common modules such as learning
and diffusion, stock turnover, consumer choice, and other feedback loops. Extended literature
review of IAMs with global and multi-sectorial scopes might be out of scope of this study;
therefore, we refer to IPCC AR6 WGIII (IPCC, 2022) for more details of current IAMs. In the
following section, we aim to review some of the most important strategic policy assessment tools
which have been used for decarbonization targets and mitigation scenarios in the EU transport
sector. at

2.1.2.1 PRIMES-TREMOVE

2.1.2.1.1 Model background

PRIMES (E3Modelling, 2018) has been used for European climate policy for more than 20 years
and is developed by Energy Economy Environment modelling Lab (E3M). The core model includes
sub-models such as PRIMES-TREMOVE for transport sector, PRIMES-BuilMo for construction
sector, and PRIMES-Industry for industrial sector. The model is planned for simulating the long-
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term transitions and policy impact assessment for market and emissions with the time resolution
of 5-year steps up to 2070 and geographic resolution of EU 28 and 10 European, but not-EU
countries.

2.1.2.1.2 Model structure

PRIMES-TREMOVE (E3Modelling, 2018) transport module consists of two main sub-modules of
transport supply and demand. The supply module aims to project optimal technology and fuel
mix for the model with stand-alone option or linked to energy system model. The demand module
aims to project passenger and freight mobility. The model uses GAMS for solving multiple inter-
related optimization problems for demand module and supply module combined with balancing
(equilibrium) conditions for pricing formulation. The generalized pricing of transport is calculated
based on multiple parameters such as of private transport costs, public transport ticket prices,
and personal time cost. The model covers different transport modes including road freight (heavy-
duty vehicles (HDVs) and light-duty vehicles (LDVs)), freight rail, freight inland navigation and
short sea shipping considering numerous classes of vehicles, alternative fuels, and technology
powertrains. The spatial resolution is at the country level; however, trips are classified into two
groups of urban and inter-urban areas. Trip types are classified into more detailed groups for off
peak and peak for passenger congestions, commuting and business trips, freight split into bulk,
cargo and unitized cargo. Trip distances are based on stylized histogram representing different
travelling habits per trip per region (country). Multiple sources of energy are set for vehicles
considering refuelling and recharging infrastructure per trip types. Emissions are calculated on
well-to-wheel (WTW) basis, and the stock of vehicle is estimated for all road and non-road
transport means. Inclusion of cost-performance (or cost-efficiency) is used in the model via
possibility curves for deriving endogenous technology improvement for conventional and new
technologies in all transport modes. Moreover, the model considers connection of transport
infrastructure development with modal shifts, as well as with cost and performance characteristics
of transport modes.

2.1.2.1.3 Model applications

According to Siskos and Capros (2014), some of the model applications are listed as an update
in the White paper on transport decarbonization scenarios (2014-2015), EU energy, transport,
and GHG emissions trend to 2050 (2014), study for EC on clean transport systems: transport
sector decarbonisation scenarios (2011-2012), background modelling work for the White paper
on transport (published in 2011 by the European commission).

2.1.2.1.4 Discussion

It was claimed by Siskos and Capros (2014) that the PRIMES-TREMOVE model considers the
agent decisions in micro-economical decision-making procedure and the agents’ decisions are
interrelated and made based on economic considerations, policies, and regulations. Moreover,
the linkage to network-based models such as TRANS-TOOLS is suggested to address the lack of
spatial details in the model (Siskos and Capros, 2014).  However, the model seems to have some
limitations and flaws (Earl et al., 2018) such as lack of transparency in assumptions and inputs,
inability to model disruptive changes, lack of clear and affordable decarbonization pathway in
transport, lack of using adequately modelling technique for international transport and air
transport . Given the above limitations of the model, there might be some solutions to improve
the results. For example, Siskos et al. (2018) showed that energy system PRIMES model can be
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used for decision makers with micro-economical parameters in an agent-based optimisation of
individuals’ utility or costs. Earl et al. (2018) provided a list of recommendations to improve the
model. They suggested to implement a transparent process with some stakeholder involvement
to focus with more detail on the potential of zero-emission technologies and provide sensitivity
analysis on the economic climate impact of non-action by assuming a societal cost of greenhouse
gas (GHG) emissions.

2.1.2.2 ASTRA-TRUST

2.1.2.2.1 Model background

ASTRA (ASsessment of TRAnsport Strategies) (ASTRA, 2022) is known as an integrated
assessment model and has been used for more than 20 years for strategic policy assessment in
transport and energy fields. It has geographical coverage of EU27, the United Kingdom (UK),
Norway, and Switzerland. ASTRA model has been developed multiple times since 1997 by IWW
Karlsruhe and TRT Transporte Territoritorio, since 2005 by participating of Fraunhofer ISI and
TRT and since 2015 by M-Five. The latest version of the model is ASTRA 2.0, which has a link to
TRUST network model. Policy assessment potential of ASTRA can cover wide range of policies
with flexible timing and different levels of policy implementation such as standard setting, fuel
taxation, infrastructure pricing, speed limits, carbon taxes, etc.

2.1.2.2.2 Model structure

ASTRA model (ASTRA, 2022) has the following modules of population and social structure,
economy, foreign trade, transport, vehicle fleet, and environment. The model works based on
the system dynamics (SD) approach with different feedback loops (between different sections
such as transport and economy) and built-in Vensim which runs biannually from 1990 to 2050
(Fiorello et al., 2010). The model has four main sections of economy, transport, technology, and
environment. Economy has five elements of supply, demand, an input-output model (for 25
economic sectors), an employment module and a government module which is combined with
two trade models (intra-EU and inter-EU). Therefore, ASTRA can simulate the impact of macro-
economic variables in investments, i.e. technologies, transport with possible output of GDP,
employment and consumption. Transport is simulated by using the classical 4-stage transport
model for passenger and freight transport. The model is not able to conduct detailed spatial
analysis for transport demand with full OD zone-to-zone matrix, but it is segmented based on trip
purposes for different distance bands and alternative modes. Therefore, ASTRA can simulate the
policy impact such as road charging and fuel taxation on transport demand with some national
aggregated details of passenger and freight modes. Technology considers different age classes,
emission standards, powertrain and alternative fuels combined with investments and learning
curves to estimate the road vehicle fleet. In addition, efficiency improvements are considered for
non-road modes. Therefore, ASTRA can simulate the impact of changes in alternative fuels and
powertrain technologies trends and parameters such as the price of fuels with the output details
of national vehicle fleet composition. Environment section provide an estimate of WTW emissions
(CO2 and other air pollutants) of fuels based on traffic flows with the national level detail including
modal split and vehicle fleet composition.
The ASTRA model linked to TRUST (TRUST, 2018) to add the economic and social dimensions in
ASTRA to TRUST and get feedback from the multi-modal infrastructure projects in detail as shown
on the network in TRUST to ASTRA. TRUST has spatial resolution of NUTS3 (based on ETISplus
in 2006) covering 28 EU countries, 8 European candidates (6 Western Balkans countries, Turkey
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and Iceland), and 6 other EU bordering countries (Norway, Switzerland, Belarus, Ukraine,
Moldova, and Russia). The TRUST model is built in PTV-VISUM software environment. Route
assignment is based on OD generalized cost equilibrium. The generalized travel cost is defined
based on combination of fixed, time-dependent, and distance-dependent parameters which
include the cost of vehicle travel time, tolls, parking fees, and fuel costs. The travel time is
estimated endogenously based on the speed-flow functions of the network and model iterates to
reach a convergence criterion for equilibrium. The future demand is considered based on
exogenous assumptions (from ASTRA model).

2.1.2.2.3 Model applications

It has been claimed that the ASTRA model has been successfully applied for transport policy
assessment (pricing, taxation, CO2 emission standards), technology and scenario analysis
(hydrogen technology, impact of connected and autonomous driving), renewable policy
assessment (subsidies, investment strategies), climate policy assessment (energy scenarios,
decarbonization scenarios). Some of the ASTRA model (ASTRA, 2022) applications include IPTS-
employment (2002) project to assess the “impact of technological and structural change on
employment: perspective analysis 2020”, DESIRE (2003) to assess the impact of road pricing,
STEPs (2005-2006) for integrated analysis of energy and transport system changes, renewable
energy road map impact assessment (2007), TRIAS (2005-2007) for integrated analysis of energy
and transport system changes, Employ-RES (2009) to assess the impact of renewable energy
policy on economic growth and employment in the EU, GHG-TransPoRD (2009-2012) to analyse
the EU greenhouse gas emission reduction targets of transport beyond 2020, ASSIST (2011-
2013) to assess the social and economic impacts of the past and the future sustainable transport,
REFLEX project (2016-2019) for analysis of the European energy system under the aspects of
flexibility and technological progress and study on finding the possible employment implications
of connected and autonomous driving (2019-2020).

2.1.2.2.4 Discussion

ASTRA has been developed over recent years. The main disadvantages of ASTRA might be
because of its system dynamic (SD) model (De Jong et al., 2004). The system dynamic (SD)
models are criticized for lack of spatial and network detail such as zone-to-zone flows and link
loadings (De Jong et al., 2004). Moreover, the SD models are usually built based on the existing
literature (De Jong et al., 2004). Therefore, the model structure might need regular updates
based on the latest literature on SD frameworks, for example, discussing freight transport
decarbonization (Ghisolfi et al., 2022). Ghisolfi et al. (2022) discussed system dynamic (SD) of
five decarbonization strategies in the freight transport system with holistic view of policy
instruments including economic, social, legal and knowledge-based by considering external
factors such as technology, infrastructure, market, behaviour, energy, and regulation.  They
illustrated the dynamic relationships, based on the latest SD literature review in freight transport
context, in 1) freight transport demand modelling, 2) shifting freight to lower-carbon transport
modes, 3) improving asset utilization models, 4) increasing energy efficiency models and 5)
switching to lower-carbon energy models.
Parameters such as fuel price and vehicle utilization are considered in the ASTRA model, but
according to Ghisolfi et al. (2022), more detailed parameters such as social norms (living
standards), network-based analysis of infrastructure investment (for example to shape the
feedback loop of infrastructure investment, mode utilization, and congestion), pressure to
consolidate, inventory, production, customer satisfaction, consumer’s familiarity, manufacture
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interest in logistics and supply chain should be covered. Luckily, the recent ASTRA link to TRUST
(TRUST, 2018), the need for a network-based analysis of infrastructure investment (for example
to shape the feedback loop of infrastructure investment, mode utilization, and congestion) has
been addressed to some extent, but other parameters seem that have not been dealt with so far.
It has been also claimed by Möst et al. (2021) that the diffusion of alternative drive technologies
for road vehicles is simulated based on the adapted total cost of ownership (TCO) in ASTRA
model. However, TCO of alternative disruptive powertrain technologies such as battery electric
vehicles (BEV) and fuel-cell electric vehicles (FCEV) are a complex function of wide range of
parameters. Each of the parameters might vary not only in a specified region, but also over time
based on the technology development and infrastructure availability (Nykvist and Olsson, 2021,
Burnham et al., 2021). For example, according to Jahangir Samet et al. (2021) decarbonization
targets for road freight transport in Switzerland can be achieved much easier by electrification in
a country like Finland because of multiple reasons such as difference in the origin-destination
(OD) pattern and distribution of road freight transport demand over different weight classes of
trucks, and difference in road network density and accessibility to charging infrastructure.

2.1.2.3 E3ME

2.1.2.3.1 Model background

The Energy-Environment-Economy Macro-Econometric (E3ME) model is a computer-based model
of the world’s economic, energy systems and the environment. It was originally developed for
the European Commission’s research framework programmes. It is intended to analyse the
impacts of Energy-Environment-Economy (E3) policies for policy makers. The model aims to
address the short-term and the long-term economic effects of supply and labour markets. The
model is based on the estimation period from 1970 to 2012, calibrated on data from 1970 to 2016
and was used for estimates for the period from 1995 to 2050.

2.1.2.3.2 Model structure

The model has the high-level geographical coverage of all EU members, candidate countries, and
the world’s largest economies. It has sectorial disaggregation details on 69 economic sectors in
Europe and 43 sectors in the rest of world. It has a two-way link between the economy, energy
system, and emissions including Future Technology Transformations for Power sector
(FTT:Power) sub-models. Moreover, it has an integrated treatment for material demand.
Economic module can be solved simultaneously over all regions and industry sectors, but a single-
country solution is also possible. Three different loops of econometrics interdependencies in
economic modules are income loop, investment loop and trade loop. E3ME could be compared
with Computable General Equilibrium (CGE) in some aspects (E3ME, 2019). It is claimed that
E3ME is able to better reflect the complex real-world behaviour because E3ME is built on historical
data sets which take empirical behavioural factors into account. While the CGE model relies on
optimal behaviour based on equilibrium.

2.1.2.3.3 Model applications

Recent applications of E3ME model are the assessment of the economic and labour market effects
of EU’s long -term strategy for climate policy, EU’s impact assessment of its 2030 environmental
targets and ‘Clean Energy Package’, and the 2018 New Climate Economy report (E3ME, 2019).
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2.1.2.3.4 Discussion

The E3ME (E3ME, 2019) is mainly questioned about its high reliance on high-quality time-series
data. The E3ME might not reflect the impact of extensive decarbonization policy measures in
freight transport because of the following reasons: First, it relies on dynamics from time series
econometrics and therefore is not so good at addressing large scale system changes that can be
expected to change the Input-Output structure. Moreover, despite considering some stochastic
functions for aggregated and disaggregated freight transport in its E3 approach, the model is
limited in its geographical resolution (NUTS 2 level) for aggregated PC demand predictions to
convert it into the OD demand predictions.

2.1.2.4 HIGH-TOOL

2.1.2.4.1 Model background

HIGH-TOOL (Szimba et al., 2018, HIGH-TOOL, 2018) was developed for computing economic,
environmental, and social impacts of transport policies. The spatial resolution is on NUTS-2 level
for all EU28, Norway, and Switzerland and on NUTS-0 level for EU neighbouring countries, and
country bundles for intercontinental transport. The model covers 314 zones based on 5-year steps
from 2010 to 2050. The baseline in HIGH-TOOL is business-as-usual scenario of the 2013 EU
reference scenario.
This model can be used for strategic assessment of 30 different transport policy measures (TPMs)
such as efficiency standards and flanking measures (deployment of efficient vehicles, HDV
limitation for urban area, diffusion of EVs), pricing measures (CO2-based taxation in road
transport, HDV infrastructure change, urban road charging), research and innovation measures
(intelligent road vehicles, dynamic traffic information system for road), and internal market
measures (freight corridor management, European rail traffic management system, maritime
traffic management systems).  Input and output variables and indicators in HIGH-TOOL are
defined based on the White Paper on Transport (European Commission, 2011), the Impact
Assessment Guidelines (European Commission, 2009), and other relevant European Commission
documents. The HIGH-TOOL model is mainly developed in Java and is freely accessible and
available online (HIGH-TOOL, 2018).

2.1.2.4.2 Model structure

The model has three main components: core modules to represent the modelling framework; the
database to facilitate the exchange of data; and the user interface for application of the model
and accessing the results. The basic design is based on the common decision support system
(DSS).
The core modules are demography (DEM), economy & resources (ECR), passenger demand
(PAD), freight demand (FRD), vehicle stock (VES), environment (ENV) and safety (SAF). The FRD
module is modelled by multi-modal transport chains (Szimba et al., 2018) including air, rail, road,
inland waterways and maritime modes. The vehicle fleet covers 60 types of vehicles and 17 types
of fuels. The core modules interact sequentially with each other with no iteration process. DEM
runs for all forecasted years 2015-2050. ECR is run based on DEM in time step t and FRD, VES,
PAD in time step t-1. VES in time step t is run based on DEM/ERC in time step t, and PAD/FRD in
time step t-1. The PAD and FRD in time step t are run based on DEM/ECR/VES in time step t. The
ENV and SAF in time step t is run based on the results of PAD, FRD, and VES in time step t. The
model uses wide range of elasticities and equations for modelling procedures. The model specifies
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policy lever’s value per module for defining each TPM. Some rules are set for aggregated impact
of overlapped policy levers based on the nature of TPMs. Each of the TPMs are modelling by
adjusting the policy levers based on the developer’s decision in each module with the lower and
the upper bound value for each relevant dimension such as model and vehicle type. The model
uses a hypernet approach at level of NUTS-2 resolution to consider the network effects of
infrastructure policies on a transport network. The hypernet is an optional sub module for road
and rail mode in passenger demand module. This option enables the developers to change the
travel impedances on virtual links between two NUTS-2 regions.

2.1.2.4.3 Model applications

The model is applicable to test 30 different TPMs efficiency standards and flanking measures
(deployment of efficient vehicles, HDV limitation for urban area, diffusion of EVs), pricing
measures (CO2-based taxation for road transport, HDV infrastructure change, urban road
charging), research and innovation measures ( smart vehicles, dynamic traffic information system
for road) and internal market measures ( freight corridor management, European rail traffic
management system, maritime traffic management systems).  The model can help experts to
identify policy options for further analyses connected to other detailed assessment instruments.
The model has an advance option for experts (“Expert Mode”) which enables them to edit input
database values.

2.1.2.4.4 Discussion

The HIGH-TOOL model is highly reliant on external databases (such as projected demography
information). The sequential time step procedure for calculating different module such as
passenger and freight demand might result in overestimated results in the long-term. One
solution can be updating important parameters in different modules based on the latest available
results. For example, the demography module can be updated based on the current population
databases (not projected population data from the old databases). Moreover, implicit and explicit
elasticities from literature and other available models (TransTools) can be edited and updated
according to the latest categorization for different regions, vehicle types and fuel types. Smart
data handling and automation can improve the issue of database updates.
The spatial resolution of the model can be improved from NUTS-2 level to NUTS-3 level for OD
zonal information. The model needs a closer connection to a network-based model with more
detailed information on traffic. The current hyperlink approach is only available for passenger
demand module. The model requires a supply module to represent the supply side of policies.
The network-based model is unable to reflect the spatial challenges and impacts of systemic
changes such as electrification, sharing economy concepts or autonomous driving.

2.1.2.5 TransTools

2.1.2.5.1 Model background

TransTools 3 was developed for the DG MOVE project of the European Commission. The model
aimed to improve the main shortcoming of its older version such as low-level details of mixed
traffic representation, missing intramodality and freight logistics models, the lack of sufficient
linkage of network-based transport models with socio-economic effects and limited feedback
between network loads and travel speeds and transport volumes. The project aimed to develop
a European network-based transport model (Nielsen and Burgess, 2008). Unfortunately, due to
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unknown reasons (maybe failure of the project) the final report and software is not available.
Therefore, the following sections are written based on a few available publications (Nielsen and
Burgess, 2008, De Jong et al., 2017, Jensen et al., 2019).

2.1.2.5.2 Model structure

The model consists of three main components: passenger transport model, freight and logistics
model and a network assignment model. The parallel passenger transport model and freight and
logistics model are combined by a pivoting approach to calibrate to a base-line matrices followed
by assignment models using mixed probity, multi-class, and stochastic user equilibrium methods
to provide detailed results for impact assessment, surplus calculation, output aggregation, and
output maps. The key drivers of the model are: transport networks and their attributes (time
cost, fuel cost) with the possibility of congestion estimate endogenously, socio-economic data
(population, workplaces, car ownership), regional GDP (calculated both endogenously and
imported exogenously) and national car fleet data. The model has impact analysis for: 1) network
impacts covering the change of routes and modes, 2) demand impacts covering the change of
trip frequency and destination choice and the change of freight logistics choice (for warehousing),
3) economic impacts covering trade and regional economic growth (represented by GDP), and 4)
externalities such as travel time and costs, GHG emissions and energy use and traffic safety.
The significant characteristics of the model (De Jong et al., 2017, Jensen et al., 2019, Nielsen
and Burgess, 2008) are the following:

 using NUTS-2 level spatial resolution data (with 294 zones) for regional economic and
trade model,

 using NUTS-3 level spatial resolution data with around 1,286 zones for freight transport
model and 1,270 zones for passenger transport model and assignment model for road
network with zonal connectors including 35,079 nodes and 47,373 links in a GIS-based
dataset,

 using a GIS-based dataset to represent rail network connecting to the NUTS-3 zones via
18,851 nodes and 19,867 links,

 using a GIS-based dataset to represent maritime network to NUTS-3 zones (only zones
with harbours or access to inland waterways) via 747 nodes and 812 links,

 using a GIS-based dataset to represent air transport network to NUTS-3 zones via 522
airports, 8,507 links, and 7,962 zonal connectors,

 The freight transport model is the aggregate-disaggregate-aggregate (ADA) model which
covers model trade, model logistic chains (warehousing), mode-chains (truck-rail-truck)
and commodity types (NST/R classification) to cover heterogeneity, non-linearity in
transport costs and value of time (VoT) in freight transport and logistics,

 The economic model in freight transport model and the passenger transport model receive
the level of service (LoS) feedbacks from network assignments to reflect the sectorial
economic impacts improvements (change in GDP), and

 In the trade model for the freight transport model, the dependent variables are PC flows
between zones (NUTS-3 zones) while the independent variables are GDP, GDP per capita,
currency union, common language, neighbouring zones and zones in the same country.
The transport cost is integrated in a Logsum variable (De Jong et al., 2017, De Jong et al.,
2004, De Jong et al., 2021) which is calculated in logistics and transport chain choice model
based on wide range of time components and transport cost components for all modes for
each zone.
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2.1.2.5.3 Model applications

Unfortunately, despite the use of the model in a few publications arising from the EU funded
projects focused on developing the TransTools 3 model (De Jong et al., 2017, Jensen et al.,
2019), no other publication has been found mentioning the model applications.

2.1.2.5.4 Discussion

Although the model benefits from its network-based and ADA modelling approach for logistics
and freight transport chains in Europe, the model still has some drawbacks which need to be
addressed. First, its network-based approach needs to be developed to evaluate the technology
disruption and transformation for future policy pathways. Second, the model linkage to different
module needs to be done smartly in an automated way for getting regular updates based on lates
data sources. Third, the validity of the model results, need to be checked with the results from
other available models. Fourth, the model does not evaluate GHG emissions with a LCA approach.
Fifth, the model considers the value of time (VoT) for logistics chains, but it is not clear whether
the model can consider VoT for refuelling/recharging in different levels of technology disruption
and transformation (electrification scenarios).

2.1.2.6 TRIMODE

2.1.2.6.1 Model background

TRIMODE (TRIMODE, 2020) is a transport integrated model for Europe which was developed for
European Commission (DG RTD) between 2016 and 2020. The TRIMODE integrated model
combines simulation of transport, economy and energy systems for assessment of major
transport infrastructure projects and policies within a single software platform. The model is built
on an interactive software platform based on the PTV Visum platform, GAMS software and Python
scripts. The model has provided access to two types of users: model analysts and model
developers. The model covers the whole European countries and its neighbouring countries. It is
claimed that TRIMODE is the first example of a large-scale integrated model developed with a
freshly designed structure for each model component. It has a very detailed spatial resolution
with a NUTS-3 level multimodal network coupled with disaggregated transport demand.
(TRIMODE, 2020, Siskos et al., 2019, Martino et al., 2018)

2.1.2.6.2 Model structure

The model has a modular structure that includes economy, fleet and energy, passenger demand,
freight, and assignment models. The Economy model estimates parameters such as zonal
demographic, economic activities and changes of bilateral trade in all zones based on a two-layer
general equilibrium model that works at both regional and national levels. The Fleet and energy
model is coded in GAMS and is based on the PRIMES-TERMOVE model. The fleet and energy
model also allocates composition of vehicle fleets and feeds user cost, which calculated based on
operating cost, into transport models for both passenger and freight demand in all zones.
Transport model includes passenger demand, freight demand and assignment models. The
assignment model is a network model to assign vehicle movements to the paths and links of the
multimodal network with a NUTS-3 spatial resolution. The demand model and assignment model
iterate to reach the equilibrium and the outcome (accessibility and new infrastructures) is fed
back to the economy model. (TRIMODE, 2020, Siskos et al., 2019, Martino et al., 2018)
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2.1.2.6.3 Model applications

The policy scenarios in TRIMODE include the TEN-T infrastructure, transport energy taxation,
differentiated vehicle taxation, user changes (road charges, track charges, slot charges),
internalization of external cost, increased share of renewables in the transport energy mix,
improvements in energy infrastructure supporting the use of alternative fuels in transport,
efficiency and GHG emission standards, electric mobility and charging networks as well as
diffusion of new powertrains. The model can also assess the impact of changing the background
conditions such as energy prices, productivity trend, aging population, and population growth.
(TRIMODE, 2020, Siskos et al., 2019, Martino et al., 2018)

2.1.2.6.4 Discussion

TRIMODE has the following advantages: using a network-based model for transport model with
a NUTS-3 spatial resolution, using an economy model which covers macroeconomic systems in
Europe with a two-layer general equilibrium model that works at regional and national levels, and
covering a wide range of policy scenarios in energy, technology, and economy sectors.  Moreover,
TRIMODE is the first example of a large-scale integrated model developed with an a freshly
designed structure for each model component (TRIMODE, 2020, Martino et al., 2018). However,
we have the following comments and recommendations to improve the model. First, the model
requires regular updates (annually) for different parameters. Second, the fleet and energy model
and transport model can be coupled with a LCA approaches to estimate emissions not only for
WTW of fuels, but also for cradle-to-grave scopes of the vehicle’s life cycle. Third, using tour
formation approach (via linkage to an external model or developing the network-based model)
for analysing technology adoption of different technology disruptions and transformations (for
analysing the regional and sectorial EV adoption rates based on multiple functions such as the
availability of charging stations and different level of charging powers).

2.1.2.7 IEA MoMo

2.1.2.7.1 Model background

The international energy agency’s (IEA) mobility model (MoMo) is a global techno-economic
simulation model for estimating and calibrating the energy use and emissions of motorised
transport vehicle activity. The first model development goes back to 2003 under the WBCSD
project and the SMP model for scenario exploring energy use, CO2 and other pollutants emissions,
safety and materials use (MoMo, 2020). The model uses historical data from 1990 to 2015 for
modelling (mainly regression modelling) trends of vehicle sales, stocks, road fuel economy,
mileage, vehicle occupancy and load factors. The model is primarily built based on the “what-if”
scenario creations and back-casting to match transport sectoral and modal sub-sectoral GHG
emission targets.
The model covers historical data and projection in 5-year increments to  2100 for all global
regions, the model inputs are updated once in a year (MoMo, 2020). The two main road freight
transport scenarios were evaluated (Mulholland et al., 2018, Teter et al., 2017). The first scenario
is the reference technology scenario (RTS) which was created based on all relevant policies and
measures currently adopted including the intended nationally determined contributions (INDCs)
pledged at the 21st meeting of the conference of parties (COP21). The second scenario is the
modern truck scenario (MTS) which projects the maximum policy commitments to 1)
technological shift to more fuel-efficient road freight vehicle, 2) improving the logistics and
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operational efficiency (by reducing vehicle km travelled) and 3) transition to ultra-low and zero-
emission vehicle and fuel technologies. (Teter et al., 2017, Mulholland et al., 2018)

2.1.2.7.2 Model structure

The IEA MoMo calculates GHG emissions based on the ASIF methodology for each region
(country). In the ASIF methodology the total WTW GHG emission (G) is a product of vehicle kms
(A), stock (S), energy intensity in MJ/vkm (I), and WTW GHG emission intensity for a specific fuel
in kg/MJ (F). The ASIF methodology is applied for nationally specified factors such as load factors,
national income (reflected by GDP per capita), stock (short haul vs. long-haul deliveries, urban
vs. non-urban, light-commercial vehicles (LCVs), medium-freight trucks (MFTs), heavy-freight
trucks (HFTs)). The projections of total millage, vkm and tkm are based on regression models
and elasticities using national historical data combined with variables identified to influence freight
activities. Technology penetration is based on exogenous analysis for different regions
(countries). In each policy scenarios (like RTS and MTS), the energy efficiency, mileage, load
factors, fuel types, and technology shares in new vehicles’ sales are specified for two different
pathways to the time horizon of 2050 (Mulholland et al., 2018, Teter et al., 2017).
The low carbon options for road freight transport are set for policy measure scenarios in three
categories of 1) improving the energy efficiency of trucks, 2) improving logistical systems and 3)
encouraging investment in infrastructure and vehicle technologies to enable the shift to
alternative fuels. These opportunities for decarbonization of road freight transport are specified
for both long-term outlook of RTS and MTS scenarios. However, MTS has faster and better
adoption process for deployment of technology, policy, and innovative business practices
compared to RTS. The improvements in MTS compared to RTS in 2050 at the global level are the
reduction of road freight activities (around 13.5 % in tkm) and vehicle activities (above 20 % in
vkm). Moreover, the WTW GHG emissions in the MTS in 2050 are reduced by 60 % (compared
to 2015) while the relevant figure in the RTS shows a 74 % increase (Teter et al., 2017,
Mulholland et al., 2018).

2.1.2.7.3 Model applications

The IEA MoMo is an essential tool for defining transport scenarios for IEA and feeds into the
World Energy Model. The IEA MoMo contributes to the global fuel economy initiative (GFEI), the
electric vehicle initiative (EVI) of the clean energy ministerial (CEM), and a specific publication of
the Future series such as Future of Trucks and Future of Rails (MoMo, 2020).

2.1.2.7.4 Discussion

Although the IEA MoMo has the advantage of getting regularly updated historical data from the
links between IEA Energy Technology Network and transport-related IEA Technology
Collaboration Partnerships, the model still needs some improvement for projection of future policy
scenarios and modelling procedure. The gaps in the models are identified as the following items:
First, the combination impacts of different policy measures for systemic change scenarios are not
transparent (Teter et al., 2017, Mulholland et al., 2018). Second, regarding its national spatial
resolution the model, cannot properly reflect the impact of intramodality and mode shift based
on the freight transport infrastructures requirements. Third, the model is highly dependent on
historical data and elasticities based on current literature review on global and national levels;
therefore, the rough (and probably linearly distributed) estimate of the systemic change impacts
of technology disruptions and transformations for long-term horizons of 2050 or 2100 may not
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represent the real trajectory changes for the policy decarbonization pathways for the short-term
and midterm horizons.

2.2 Highlights from freight transport models and strategic assessment
tools literature review

2.2.1 Freight transport models

The literature review of freight transport models can be summarized in the following items:
 Freight transport models need to be coupled with logistics decision choice models. The

logistics decision choice models shall include identification of firms, location of warehouse
and distribution centres (DCs), shipment size, consolidation, load units, modes and trip
chains, vehicle type, terminal/port, route, return transports, and shippers’ choice of
supplier.

 Some of the logistic decision choice models usually have a microscopic level of detail that
is not typically used directly as an input parameter in the national and international freight
transport models. While the current freight transport models are using mainly macroscopic
level and aggregated details, they are missing most of the logistic decision choice models.
A freight transport model with a mesoscopic level for data aggregation might be a best
option to link the micro level details of logistic decision choice models with the national
and international freight transport models.

 The ADA models might fill the gaps of missing disaggregated data for logistics decision
choice models on the national levels. The ADA models include three elements of PC models
(explaining trade between production and consumption), logistics models (explaining
logistics decision and converting PC-flows to mode-specific OD-flows), and network models
(assignment of OD matrices to a transport network). Possible drawbacks of ADA models
are: the accessibility to required data is quite challenging and It needs time and money
for planning and executing a data collection procedure.

 In addition to the ADA models, the MRIO models with multimodal elastic trade coefficient
might be suitable to improve the results of PC models. However, as is the case with the
ADA model, the data accessibility in case of the MRIO models is very challenging. The
input-output data tables and elastic trade coefficient need to be updated regularly.

 The freight models have had a great deal of progress in following aspects: national freight
transport models that use PC and OD flows combined with a multimodal transport chain
approach; national freight transport models that use choice of intermediate storage
location along the distribution channel; national freight transport models that integrate
freight transport models with passenger models; national freight transport models that use
latent variables (hybrid models, ICLV models) via SP/RP data; regional freight transport
models that use shipment-level and microsimulation approaches; regional freight transport
models that use explicit consideration of carriers, sending firms, and receiving firms;
regional freight transport models that use dynamic agent-based approaches for modelling
negotiation of contracts and learning; regional freight transport models that explicitly use
tour formation approach; regional freight transport models that simulate parcel deliveries;
and regional freight transport models that have more detailed emission calculations.
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 Models that use detailed choice of logistics decision with logistics and mode chain approach
required further developments in different aspects (choice of supplier and receiver,
distribution channel, shipment size, port, consolidation and distribution, fleet size,
combination choice, tour formation, failed delivery goods, departure and delivery time, and
empty vehicle trips).

 Models need also to address the integration of production, inventory, and transport
logistics.

2.2.2 Integrated assessment models/tools

The literature review of integrated assessment models can be summarized in the following items:
 The three types of models showing the decarbonization pathways for transport system are:

integrated assessment models (IAMs), global transport energy sectorial models (GTEM) and
national transport/energy models (NTEMs).

 The above models might cover trajectories of socioeconomic development, technological
development, resource availability, policy, and behavioural changes. However, the depth of
technological and behavioural details, sectorial, and regional scopes vary amongst these
models.

 The IAMs integrate factors from other sectors (economic and energy system, building sector,
and industry sector), endogenously from the transport sector (fuel availability and cost) and
they capture mitigation options for energy changes with technology/fuel details (large-scale
electrification in transport sector coupled with other sectors for fuel production, storage, and
utilization).

The G-/NTEMs have more detailed transport demand, technology, behaviour, and policies than
the IAMs. The G-/NTEMs usually interact exogenously with other sectors (with the risk of missing
some critical interactions such as price of fuel/electricity, carbon intensity of electricity) with the
minimal national resolution for covering national policies in transport and energy sectors. These
models have explicit details for mitigation options for activity and mode(s) with spatial, cultural,
and behavioural details.

 The literature review of the most important G-/NTEMs in Europe can be summarized as
follows:

o Except one model (Transtools3), none of these models uses a detailed approach such
as ADA in freight demand. The ADA approach can get Logsum from chain choice models
influenced by trade patterns and improve freight demand results,

o None of these models uses a LCA approach for emission analysis,
o Except models like ASTRA-TRUST and TransTools3, the other existing models do not

use a linkage to a network-based models for receiving a feedback loop for analysing
the impact of policy measures.

o None of these models is coupled with a network-based models with a tour formation
approach. The tour formation models might give more details for impact analysis of
technology disruption and transformation details. For example, the model can evaluate
and simulate the interaction between the decisions of charging/refuelling activities (for
example to address the different levels of technology development in battery and



No 101006700 STORM – Smart freight TranspOrt and logistics Research Methodologies Page 30/67

charging infrastructure) and to improve the TCO estimate for different vehicles and
modes in road freight transport in each region.

o Even though some models use an aggregated and segmentized TCO (based on weight
and distance bundles) as a generalized cost for technology and mode choice criteria,
their approach might not provide adequate details for reflecting the real state of
technology and in particular mode decision criteria (quality of service in information
about consignment location, reliability, security of cargo/container contents, energy
security, infrastructure availability). For low-carbon fuels, TCO should be customized
and classified based on an existing dynamic linkage of detailed technology
characteristics (availability of charging stations and varying charging power) and a
network-based model in different regions.

o None of these models use bottom-up approaches (agent-based models) to model the
interaction between different firms or group of firms in logistics and supply chains.

o Some of these models (HIGH-TOOL and MoMo) use elasticities and equations
(regression models) to reflect the impact of transport policy measures which not only
cover the technological shift to more fuel-efficient freight transport and transition to
ultra-low and zero-emission vehicle and fuel technologies, but also improve the logistics
and operational efficiency (via reducing the vehicle activity in vkm). However, the
following gaps might be seen in these models:

1. The reviewed aggregate/macro-level models do not explicitly describe the future
systemic changes in the combined system changes for digitalisation and
decarbonisation. In particular, the changes in data handling and exchange and
possible changes in the structure of logistics systems and industrial organisation
of the transport industry.

2. “What-if” scenarios in these models approximately describe the impact of future
systemic changes (PI, co-loading, co-modality, crowdshipping, urban centres,
etc.) for long term horizons. Therefore, the short-term and midterm projections
of the given systemic changes might miss the possible intermediate connections
to the precedent technological improvements.

3. These models neglect the intermediate impact of digital technology disruption
and transformation, organizational developments through digitalisation and low-
carbon vehicles with limited range, speeds and partly capacities that require
more complex urban distribution systems and logistics and supply chain
collaboration. Most of the future systemic changes (PI, co-loading, urban
consolidation) require not only the technology disruption and organizational
development precedents, but also collaboration over mode chains and supply
chains.

4. The systemic changes are only reflected by sectorial and aggregated values
based on classifications such as weight and distance bundles (load factor
improvement for short-haul heavy-duty truck with GVW over 28 t) at a national
level of spatial resolution. More details of these systemic changes need to be
analysed by a network-based model at a regional level of spatial resolution.

5. The impact of the systemic changes in “what-if” scenarios are summarized as
levers such as demand in tkm, activity in vkm, energy intensity in MJ/vkm, and
utilization rate (load factor). These aggregated values are unable to properly
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reflect the overlapping impacts of different combination of systemic changes (PI,
co-loading, platooning, retiming). Coupling with the models with bottom-up
approach (simulation models, ABMs) might reduce uncertainty and distinguish
the overlapping impacts of different combination of systemic changes.

6. Elasticities and equations need to be regularly updated based on the latest
literature review and data resources.
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3 Agent based models (ABMs) in freight transport models

3.1 Literature review
Models with macroscopic details are unable to completely evaluate and reflect the impact of the
public authority decisions for freight transport systems because they are relied on aggregated
data at international, national, and regional level, and cannot capture the logistics complexity in
decision making processes. Models such as agent-based models (ABMs), which has been used
for simulation at micro-levels, can explicitly model each agent (actor), interaction between agents,
and decision-making processes. However, the ABMs are hard to use with the large transport
systems because that large amount of processing power is needed for analysing large amount
of data (Holmgren et al., 2014). Holmgren et al. (2014) suggested three different approaches to
combine the macro-level models and the ABMs including the data exchange between the models,
conducting supplementary sub-studies and integrating the macro-level models and the ABMs. In
the case of data exchanges between the models, an ABM receives output from a macro-level
model and provide input for another macro-level model. In the case of conducting the
supplementary sub-studies approach, the ABMs and the macro-level models are be used
simultaneously, but separately and in parallel. Finally, by integrating the macro-level and the ABM
approach, the aggregated data values (which are normally calculated separately by a macro-level
model in other approaches) will be generated in a simulation by the ABMs. Holmgren et al. (2014)
discussed each of these approaches in rail transport case studies on a regional level for changing
costs and capacity parameters.
Reis (2014) understands the ABM as a micro-simulation tool that includes entities such as agents,
which are independent entities with precise boundaries, goals, and autonomous behaviour as well
as interaction that reflects the ability of agents to interact amongst themselves and the
environment which provides a physical support for agents’ interaction. The ABM follows a bottom-
up approach in simulation process for understanding a real word system. The advantages of using
the ABM over traditional modelling methods are the following: 1) the ability to evaluate each
carrier across a set of parameters (mode choice variables), 2) the possibility of explicit modelling
of behaviour and interactions among agents, and 3) dynamic modelling methods which allow to
investigate time dependent variables (such as building trust over time) in both system and agents.
The examples of agents are customer, freight forwarder, transport provider or terminal agent.
The examples of interaction are requesting/sending information or negotiation. The examples of
environment are technological properties of vehicles such as speed and capacity, geographical.
Reis (2014) reviewed the previous ABMs such as multi-agent scenario for shipping companies
(MARS) for investigating the usefulness of the ABM application in negotiation and cooperation
dynamics in road freight transport market, transportation and production agent-based simulator
(TAPAS) for micro-simulation of intermodal transport chains, and INTERLOG prototype model for
simulation of the commodity flows and logistics organization in a region. He used AnyLogic 6.4.0
software for the ABM simulation of intermodal freight transport modelling with the following
assumptions: 1) shippers have a certain amount of loading units over a period of time between
one origin and multiple destination, 2) lot size and timing is stochastically simulated for deliveries,
3) key decision makers are shippers, freight forwarders and carriers (including several road freight
transport companies and one rail transport company), 4) exchange of information happens
between shippers, freight forwarders, and carriers, and 5) road carriers set their price based on
the distance of transport service and rail carrier has a fixed price. They finally run multi-level
validation including requirement, data, theory, process, and agent validation.
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Ambra et al. (2017) represented a framework for developing a synchronization model for Belgian
inland transport (SYMBIT) model to test and assess the future business and synchromodal logic
impact of different management policies and technology based on a near-to reality simulation
environment. In their framework, a multi-agent modelling approach (representing physical
objects of transport chains) used a GIS modelling environment (providing location intelligence
information of time and space) to simulate the synchromodallity. Three agent classes of decision-
making agents (logistics service providers (LSPs), terminal operators, and network operators),
stationary agents (terminals), and moving agents (barge, train, and truck) are defined for this
framework which is suggested to be used for a conceptual framework for a resilient freight
transport network for PI network including LSP assets (from international data GPS), freight grid
(from open platform data), and order/demand (from PI-containers active tags).
Fadiran et al. (2018) reviewed literature to investigate research studies that use the ABM
approach to simulate adoption of alternative fuel vehicles (AFVs). They claimed that most of the
studies neglected to explore emission saving implications and there is a lack of studies using the
ABM approaches to fill this gap. Only 7 articles were found that used the ABM approach to
integrate emission measures and savings for analysing the AFVs diffusion. Fadiran et al. (2018)
also reviewed policy approaches for analysing transport decarbonization by using energy models.
They concluded that although E3 models and sectoral simulation models are widely used for
projecting transition in transport sector, the technology diffusion models, and socio-technical
energy transition (STET) models can take into account capturing the limited amount of
heterogeneity in customer segments by using socio-economic parameters. Moreover, they
believed that the ABM could be used for representing even wider range of consumer behaviour.
Fadiran et al. (2018) listed and discussed some examples of the ABM applications in transport
sector in SUMO and MATSim (with one freight related application in South Africa). Moreover, they
listed and reviewed some general examples of the ABMs such as flexible large-scale agent
modelling environment (FLAME), MASON, Repast Suite, NetLogo, and AnyLogic (widely used for
supply chains and logistics). Finally, they listed some research gaps of the ABM application in the
transport sector such as the lack of the ABM of the AFV adoption with a specified timeframe of
climate vision horizons, the lack of emission reduction measures and technology efficiency
considerations, the lack of model and results validation, and the lack of standard application
frameworks and methodology.
Ambra et al. (2019a) developed their conceptual framework (Ambra et al., 2017) on evaluation
of synchromodality based on using ABM-based SYMBIT model, but this time they focused on
digital twin technology (DTT) application. They analysed some disruption scenarios for evaluation
of an intermodal and synchromodal freight transport models based on the conceptual digital twin
environment (DTE) with digital and physical interactions.
Ambra et al. (2019b) discussed more details of the disruption scenarios in an intermodal and
synchromodal freight transport model from their previous work (Ambra et al., 2019a). They
focused on details such as modal shift (mode share changes), cost and emission calculation
reduction potential. They evaluated the results of their model by a regional (Rhine–Alpine
corridor) case study. The cost and emission parameters are specified based on selected factors
for each transport mode such as capacity utilization rate cost and CO2-eq emission per tkm, per
order, and per km.
According to Démare et al. (2019), two approaches can be found for modelling a complex system
like a transport system via understanding how the actors adapt their behaviours to changes
(based on possible strategies and scenarios). First, the dynamic systems can be applied to model
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supply chain networks. The second approach is using the ABMs which are spatially organized and
process disaggregated and heterogeneous data. Démare et al. (2019) combined the ABM and
dynamic graphs to describe the complexity of logistics systems. They considered a multi-scale
approach that transcribes local characteristics (like spatial constraints and actors’ behaviours) at
micro-level to macro-level properties (like good flow). They concluded that since both the ABM
and the dynamics graph approaches have dynamic characteristics, combination of them allows
the system to evolve based on feedback loops between the actors and the environment.
Karslen et al. (2019) investigated a new technology adoption (diffusion of wind propulsion
technology) for reaching climate-energy policies in shipping sector by using an ABM approach.
They reviewed multi-level perspective and sociotechnical regime including transitions, niches and
incumbent regimes for system innovation and systemwide technological diffusion. They evaluated
some scenarios (carbon pricing) and its impact on the wind propulsion technology adoption.
Utomo et al. (2019, 2021) used the ABM approach for simulation of electric van fleet for home
grocery delivery. They analysed the impact of different scenarios for electric vehicles, charging
hubs with different charging powers on retailer’s operations. They also reviewed the ABM
application in two groups of EV studies: 1) studies analysing the adoption process of the EVs and
2) studies analysing the EVs interaction with broader energy systems. They claimed that although
the ABM has been used for EV passenger vehicles, their study is unique because of using the
ABMs to model commercial EVs within a logistics system. They used AnyLogic software with a
GIS layer from OpenStreetMap for an urban case study.
Stinson et al. (2020) used a C++-based planning and operations language for agent-based
regional integrated simulation (POLARIS) framework including the ABM and dynamic traffic
assignment (DTA) system to model a last mile logistic system. Although POLARIS is originally
used for simulation of passenger mobility, this study applied the POLARIS on freight transport to
model the interactions among customers, producers, and the transportation system. Different
scenarios of e-commerce supply chain and demand are analysed through a case study (Chicago
metropolitan area). The model has three different levels of agent making decision on the strategic
(county), tactical (parcel) and operational (parcel) geographic levels and considers passenger and
freight DTA.
Utomo et al. (2020) used the ABM approach for modelling dynamics of the heavy-duty vehicles
for long-haul transport in the UK. They used mathematical modelling and Monte Carlo simulation
. The mathematical model describes the relationship between the vehicle power and parameters
such as rolling resistance, aerodynamic resistance, and gravitational force. The final mathematical
model is a linear model based on the vehicle speed and its total mass for fuel consumption
estimate. (Utomo et al., 2020) applied their ABM to different routes and compared the results of
energy consumption for electric and conventional vehicles.
Renna et al. (2021) used a single-agent ABM approach for mode choice simulation between road-
only and combined sea-road freight transport. The single agent is the transport carrier in the
logistics chain which can make decisions about transport activities based on its understanding of
the needs of goods owner and characteristics of a transport alternative. They analysed different
scenarios of parameters such as driving speed. This model is tested, validated, and proposed as
a decision support system (DSS) in Italy. They claim that this model can be developed for the
whole transport network as a DSS.
Buermann et al. (2022) introduced the ABM approach for maritime transport simulation to
evaluate two decarbonization policies. They claim that their model is the first of its kind that can
compare and quantify the differences in carbon reduction policies and the way it might influence
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shipping operation. This paper only represents a generic view of the ABM including the list of
actors such as trader, regulator, fleet operator, fleet owner and vessels. Unfortunately, they did
not provide any results and further details on their modelling procedure.
Stinson and Mohammadian (2022) introduced a collaborative, informed, strategic trade agents
with logistics (CRISTAL) model (CRISTAL, 2022) following their previous work (Stinson et al.,
2020). They claim that CRISTAL as an agent-based freight model (ABFM) is able to reflect agent
collaboration in supply chain partnerships in trade and logistics. The effects of information sharing
in supply chain and strategic alignment are considered in this model. This model has a multi-
resolution structure connecting urban freight to national and global supply chain which integrates
with passenger mobilities (e-commerce). They used CRISTAL model to evaluate e-commerce and
truck traffic scenarios based on their previous research study (Stinson et al., 2020) in Chicago.
They also conducted the ABFMs literature review and reflected on the gaps in the current ABFMs
literature: 1) almost all operational frameworks only model establishments (“a single physical
location where one predominant activity occurs”) and do not represent firms (“an establishment
or a combination of [affiliated] establishments), 2) lack of behavioural model for major asset
decisions, 3) lack of firm strategy and strategic alignment, 4) the current ABFMs do not model
information sharing among agents in supply chain, and 5) lack of ABFM which fill all mentioned
gap in a single and unified freight forecasting system. They claimed that their CRISTAL model
filled almost all of these gaps.

3.2 Highlights from the ABMs in logistics and freight transport models
literature review

The literature review of the ABMs in logistics and freight transport models can be summarized as
follows:

 The ABM is a bottom-up (micro-) simulation tool with entities including: 1) agent(s) which
is an independent entity with precise boundaries and goals possessing autonomous
behaviour, 2) interaction which represents the ability of agents to interact among
themselves, and 3) environment which provides a physical support for agent’s interaction.

 The examples of agents are customer, freight forwarder or terminal service-provider. The
examples of interaction are requesting, sending information and negotiation. The examples
of environment are technological properties of a vehicle such as speed, capacity,
geographical location and physical properties of goods like volume and weight.

 The ABMs can be developed for decision support systems (DSSs) in different context, for
example, multimodal logistics and supply chains. Complex concepts such as physical
internet (PI) and digital twin (DT) application in a synchromodal freight transport system
can be simulated by ABMs such as in SYMBIT model (Ambra et al., 2017, Ambra et al.,
2019a, Ambra et al., 2019b).

 The ABMs can have the following advantages over traditional logistics and freight transport
models with macro-level details: 1) the ability to evaluate each carrier across a set of
parameters (mode choice variables), 2) possibility of explicit modelling for behaviour and
interactions amongst agents, and 3) dynamic modelling methods which allow to investigate
time dependent variables (like building trust over time) in both system and agents.

 The large-scale logistics and freight transport models on international, national, or regional
levels can use the ABMs in three following ways: 1) Data exchanges between models
(ABM(s) and macro-level models), 2) Conducting supplementary sub-studies (which are
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done simultaneously and separately by ABMs and macro-level models), and 3) Integrating
macro-level and ABMs in one single package.

 The following ABMs are examples of the typical micro-simulation tools in logistics and
freight transport systems: MARS for investigating negotiation and cooperation dynamics
for shipping companies; TAPAS for simulation of intermodal transport chains; INTERLOG
for simulation of the commodity flows and logistics organization. (Reis, 2014)

 The ABMs can be used for simulating the adoption of technology disruption and
transformations. For example, adoption of alternative fuel vehicles (AFVs) can be simulated
by ABMs which can represent wider range of consumer behaviour compared to other tools
such as E3 models, sectoral techno-economic simulation models, technology diffusion
models, and socio-technical energy transition (STET) models.

 The ABMs can also be used for reflecting the collaboration among supply chain partners in
trade, modelling behaviours for major asset decision (vehicle fleet renewal), modelling the
impact of firm strategy and strategic alignment, information sharing among supply chain
members. The CRISTAL model (CRISTAL, 2022, Stinson and Mohammadian, 2022) has
the capacity of address all these features within a single and unified freight forecasting
system with a multi-resolution approach to cover the decisions on the strategic, technical,
and operational levels.

Despite all above advantages of using the ABMs for modelling logistics and freight transport
systems, the following gaps have been identified in the ABMs application on the large-scale
level:

 The methodology for applying the ABMs on aggregated or Macroeconomic level is still
unclear. Expanding the ABMs with detailed behavioural data will be a challenge, both in
data collection of individual behaviours for a whole region or country and in terms of
computational power.

 Model and result validation are challenging, designing complex interactions (relationship)
between numerous agents in different sectors is challenging, and empirical datasets at
strategic, technical, and operational levels are not available for policy analysis, as they are
often regarded as commercial-in –confidence information.
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4 Synchromodality and supply chain synchronization

4.1 Literature review

4.1.1 Synchromodality

From strategic freight transport planning perspective, the main reason for using synchromodality
in freight transport systems might be that it plays an enabler role for modal shift (Yee et al.,
2019). Modal shift is one of the main strategies to reduce emissions in freight transport systems
(Kaack et al., 2018). In Europe, even with implementation of some modal shift programmes at
international and national levels, the modal share has not been improved due to unclear reasons
(Kaack et al., 2018). However, the two main tools for promoting the modal shifts from road to
rail/barge are suggested as improving the intermodal infrastructures and using financial
incentives (Kaack et al., 2018). Despite the fact that the modal shift targets have been set for 30
% shift from road traffic over 300 km to rail and waterways by 2030 and 50 % by 2050 (European,
2011), the realistic estimation of mode shift from road to rail transport is expected very low
(Dionori et al., 2015, Tavasszy and van Meijeren). Three main approaches are identified to
estimate the modal shift potential in a transport system. These approaches are market-
segmentation methods, modal cross-elasticities and mode choice models (Brogan et al., 2013).
None of the above methods can properly evaluate the impact of synchromodality concept on
modal shift in the freight transport systems.

Moreover, the modal shift from road to sustainable modes (rail and sea) are limited because of
less flexibility, longer shipping time, and minimum viable size of shipment. The synchromodal
freight transport system facilitates the modal shift from road to sustainable transport modes (rail
and sea) by using digital technologies such as physical internet (PI) and digital internet (DI)
concepts. Furthermore, synchromodality brings more flexibility in transport planning based on its
decision-making algorithm. It makes possible a dynamic transport decision-making based on real-
time information input from the transport network. Synchromodality also might affect the booking
and logistics decision-making procedure. In a synchromodal freight transport system, logistics
service providers (LSPs) play a major role as principal agents for being responsible to decide
about the transport modes and routes and shippers just make “mode-free” booking at an LSP.

Synchromodality or synchronize intermodality is defined as “the vision of a network of well-
synchronized and interconnected transport modes, which together cater for the aggregate
transport demand and can dynamically adapt to the individual and instantaneous needs of
network users”. Behdani et al. (2014) represented a dual integration framework, including vertical
(from unimodal to intermodal) and horizontal (from intermodal to synchromodal) perspectives,
for a synchromodal freight transport system. They also reviewed and discussed how assets
(moving and stationary resources) should be synchronized based on customer demand and
needs. Ambra et al. (2017) developed the synchromodality framework represented by Behdani
et al. (2014) by applying PI elements in customers’ order/demand and different assets (network
infrastructures and transport fleets).

The synchromodality is seen as an advanced intermodal freight transport system which can deal
with the dynamic real-time decision making procedure to improve the competitiveness and
capacity utilization (Behdani et al., 2014). The first requirement for designing a synchromodal
freight transport system is to access to an intermodal freight transport system and its design
requirements. Tavasszy et al. (2017) provided a deep insight about some of the requirements of
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designing an intermodal freight transport elements in barge and rail transport. In order to improve
the competitiveness with unimodal road transport, the intermodal transport need improvements
in key factors such as lead time, reliability, and flexibility of service. Streamlined and new rail
networks infrastructure and services (like “direct service/shuttle” concept and “gateway
networks” for rail, and “one stop” for barge) should be developed as much as possible to increase
the competitiveness of intermodal freight transport with road single mode. Accordingly, three
organizational issues in an intermodal transport system have been identified (Tavasszy et al.,
2017): 1) minimum utilization of rail and waterways needed, 2) accessibility of the networks by
road transport, and 3) efficient transhipment between modes.
Tavasszy et al. (2017) discussed three levels of integration for synchromodal services including:
integrated network design, integrated service design and integrated operation and control.
Integrated network design is at a strategic decision level and infrastructure development planning
which support integrated and intermodal freight transport with a holistic point of view over
different transport modes. Integrated service design is at a tactical level for different packages
of synchromodal services based on shippers’ needs including timing and schedule of modality.
Integrated operation and control are at operational level for orchestration and matching the
demand and supply of synchromodal services including details such as the transport orders (due
date and size), and the state of transport resources (hourly traffic information about each mode).
Regarding different levels of timeframes, four different system changes are identified in the
synchromodality concept (Tavasszy et al., 2017): transactions, governance arrangements,
institutions, and culture levels. Timeframe for adapting to system changes in transactions might
vary from days to months and specific contracts are needed to implement between different
actors. Business models and information system might be changed to deal with dynamic costs
such as road conditions, shipment delay penalties and so on. Timeframe for adapting to system
changes in governance arrangements might vary from months to years for establishment of
collaboration between different actors (shippers and LSPs) and even competitors. Some changes
in business models and information system are needed to support sychromodality. For example,
extended gate service concept requires specific contacts, information sharing rules, and legal
arrangements among different actors. Timeframe for adapting to system changes in institutions
might vary from years to decades because of their lack of incentive to share information and
absence of agreed approach to transparency of information in global trade lanes. A decentralized,
distributed, and peer-to-peer control is needed in synchromodality. Regarding different levels of
decentralized/centralized controls in institutions, they might struggle in different ways to adopt a
synchromodal freight transport system. Finally, timeframe for adapting to system changes in
culture might vary from decades to centuries. The paradigm shifts for synchromodality mindset
might be listed as: 1) shift from traditional booking containers on specific modes to “mode-free”
or “amodal” booking, 2) shift from traditional “mode-based” to “service-based” hinterland
transport, and 3) shift from “predict & prepare” to “sense & respond” concepts.
Pfoser et al. (2021) reviewed synchromodality literature from 2011 to 2019. They compared
different terms and definitions like unimodal, multimodal, intermodal, and synchromodal freight
transport. They identified and conceptualized the four main mechanism of synchromodality
(integrated network planning, horizontal collaboration, mode-free booking, and real-time
switching); then they discussed the effects (optimization and higher efficiency, increased
flexibility, increased reliability, better resource utilization and bundling effects) and their
antecedents. The antecedents are classified into technical and managerial categories.
Mechanisms such as real-time switching and integrated network planning have been only referred
to technical antecedents (ICT architecture, real-time planning systems, interconnection of
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infrastructure, loading units, and integrated planning systems). Mode-free booking mechanism
has been only referred to managerial antecedents (mental shift, pricing and liability questions).
Horizontal collaboration mechanism has been referred both to technical antecedents (data sharing
and cooperation planning systems) and to managerial antecedents (building trust, business
modelling and antitrust laws).
Pfoser et al. (2021) stated that the synchromodality goes beyond the borders of the firms’ decision
by using an independent synchromodal network orchestrator to optimize the operations in
intermodal freight transport. They also claimed that the current models are not able to measure
the impact of different roadmap policies. They also concluded that there are some research
studies discussing the technical aspects (antecedents) of synchromodality and there is a lack of
research discussing managerial aspects (antecedents) of synchromodality. Moreover, they
highlighted the essential role of pilot projects to quantify the positive impacts of synchromodality
for the future.
Few research studies tried to quantify the synchromodality impacts on freight transport system
(Behdani et al., 2014, Ambra et al., 2017, Ambra et al., 2019a, Ambra et al., 2019b, Yee et al.,
2019). Behdani et al. (2014) formulated tactical and operational decision levels in a synchromodal
freight transport by using three different modes of road, rail and barge. Optimization procedures
are applied to decision-making procedure to improve service (delivery time) and cost factors.
However, the model is not able to quantify the benefits of the real-time mode switching decision-
making in a synchromodal freight transport system. Ambra et al. (2017, 2019a, 2019b) tried to
quantify the impact of real-time mode switching in a synchromodal freight transport system based
on some disruption scenarios. They used an agent-based model with a GIS environment to
simulate different disruption scenarios in a freight transport system and calculate the cost,
emission, and modal shifts parameters. Yee et al. (2019) also evaluated the impact of real-time
mode switching in a synchromodal system by using a stochastic transit times approach. The
model can adapt routing decisions based on real-time data to calculate cost, service quality and
modal split.

4.1.2 Supply chain synchronization

In addition to above studies, some studies evaluate the synchromodality concepts over supply
chain management (Dong et al., 2018, Dong and Boute, 2020, Lemmens et al., 2019). Dong et
al. (2018) discussed the synchromodality from a supply chain perspective (SSCP) through a case
study. They used a model considering the total logistics cost (TLC) including the transport costs
and inventory costs for the case study including two alternatives of truck and intermodal rail
transport. They did sensitivity analysis for emission and cost with different levels of emission tax
rate. They suggested the model can be used for allowing the dynamic inventory management
and stochastic customer demand. However, their model did not have the flexibility of changing
mode in their journey. The result of the case study analysis shows that, even with such inflexibility
in switching modes, the shipper could increase the modal share of intermodal rail from 30 % to
70 %resulting in a 6 % TLC and 30 % emission reductions. Dong and Boute (2020) also reflected
another example of SSCP in a case study based on the results of a course assignment. Lemmens
et al. (2019) also proposed a model based on a stochastic periodic review inventory model and
stochastic transport lead times assumption. The model is able to evaluate the cost and mode
share based on real-time mode sharing possibilities.
Supply chain coordination might be discussed from decentralized and centralized perspectives.
We refer to Chapter 5for deeper insight of decentralized supply chain coordination and blockchain
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technology. However, in this section we briefly review some studies about centralized supply
chain coordination or cross chain control tower:
Brinken et al. (2022) discussed the decarbonization potential of using logistics 4.0 and a real-time
control mechanism for a case study of Apple supply chain for two different countries. They used
a quantitative methodology to estimate the impact of using logistics 4.0 in different parts of
supply chain (like inventory, inbound, and outbound logistics). Farahani et al. (2017) discussed
the supply chain control tower as a component of digital supply chain management use cases in
automotive supplier industry. Alias et al. (2015) represented a business model canvas for Future-
internet-based logistics control tower. Verma et al. (2020) proposed a modelling framework using
the fuzzy neural algorithm for intelligent decision making procedures in control tower at a logistic
company. Harmelink (2022) wrote a doctoral thesis about constructing a service tower control.
The data sharing dilemma was evaluated and discussed via application of a game theoretical
model for supply chain optimization. Sharabati et al. (2022) discussed the control tower role in a
company working in pharmaceutical industry in terms of competitive advantages. Trzuskawska-
Grzesińska (2017) provided more details about cross chain control centre for integrating different
control towers.
Trzuskawska-Grzesińska (2017) proposed the idea of using cross chain control centre integrating
different control towers: supply chain control towers, logistics services control towers, and reverse
supply chain control towers. Functionalities might offer in IT tools for control tower including:
KPI dashboard, alert to action, task and case management (“ticket management system”) and
global visibility of mainly demand and supply. The IT tools have the capability of real-time access
to information across the whole supply chain, event management and alerting, powerful analytics
tools, including predictive analytics, and streamlined processes driven throughout workflow. The
analytics tools need business intelligence support for identifying problem and crisis and suggest
resolution scenarios. (Trzuskawska-Grzesińska, 2017)
The IT system for control tower should have five layers: supply chain perception layer (IoT, etc.),
supply chain business layer (supply chain members, processes, etc.), information operation
control layer (storage information, control principles with feedback loops, etc.), information
service platform (transparency and visualization and feedback, etc.) and information manpower
layer (decision making centre). Some of the companies with global control towers are Unilever,
Procter & Gamble, Samsung Electronics, Cisco, Colgate-Palmolive, Coca-Cola, Walmart, Lenovo
Group, Kimberly-Clark and Caterpillar (Trzuskawska-Grzesińska, 2017).

4.2 Highlights from synchromodality and supply chain synchronization
literature review

4.2.1 Synchromodality

The literature review of synchromodality can be summarized into the following notes:
 Synchromodality is defined as “the vision of a network of well-synchronized and

interconnected transport modes, which together cater for the aggregate transport demand
and can dynamically adapt to the individual and instantaneous needs of network users”

 Synchromodality can play an enabler role for modal shift in freight transport. Modal shift
is seen as one of the main decarbonization strategies in freight transport sector and
synchromodality can facilitate modal shift from road to sustainable modes (rail and sea).
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 Synchromodality requires digital technologies and concepts such as physical internet (PI)
and digital internet (DI) to bring more flexibility in transport planning and provide a
dynamic transport decision-making process based on real-time information input from
transport network.

 Synchromodality is an advanced intermodal freight transport system with improvements
in lead time, reliability, and flexibility of service. Availability of streamlined and new rail
networks infrastructure and services (like “direct service/shuttle” concept and “gateway
networks” for rail, and “one stop” for barge) can increase the competitiveness of
synchromodal freight transport against unimodal road transport.

 Three levels of integration in synchromodality are integrated network design (strategic
decision level), integrated service design (tactical decision level), and integrated operation
and control (operational decision level).

 Synchromodality might cause system changes in transactions, governance arrangements,
institutions, and culture. The timeframes for adapting to these changes might vary
differently:

o Timeframe for adapting system change in transactions might vary from days to
months, and it requires changes in business models, information systems and
contacts for dealing with dynamic parameters (costs, road conditions, shipment
delay penalties, etc.).

o Timeframe for adapting system change in governance arrangement might vary from
months to years for establishment of collaboration between different actors (shipper
and LSPs) and even competitors.

o Timeframe for adapting to system changes in institutions might vary from years to
decades because of their lack of incentive to share information and absence of
agreed approach to transparency of information in global trade lanes. A
decentralized, distributed, and peer-to-peer control is needed in synchromodality.
Regarding different levels of decentralized/centralized controls in institutions, they
might struggle in different ways to adopt a synchromodal freight transport system.

o Timeframe for adapting to system changes in culture might be more than decades.
The paradigm shifts for synchromodality mindset might be listed as: 1) shift from
traditional booking containers on specific modes to “mode-free” or “amodal”
booking, 2) shift from traditional “mode-based” to “service-based” hinterland
transport, and 3) shift from “predict & prepare” to “sense & respond” concepts.

 Four main mechanisms of synchromodality are integrated network planning, horizontal
collaboration, mode-free booking, and real-time switching. Effects can be listed as
optimization and higher efficiency, increased flexibility, increased reliability, better resource
utilization, and bundling effects.  Antecedents can be classified as technical and managerial
categories.

o Mechanisms such as real-time switching and integrated network planning have been
only referred to technical antecedents (ICT architecture, real-time planning
systems, interconnection of infrastructure, loading units and integrated planning
systems).

o Mode-free booking mechanism has been only referred to managerial antecedents
(mental shift, pricing and liability questions).
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o Horizontal collaboration mechanism has been referred both to technical antecedents
(data sharing and cooperation planning systems) and to managerial antecedents
(building trust, business modelling and antitrust laws).

 The following gaps are identified in synchromodality literature:
o The current models are not able to measure the impact of synchromodality in

different roadmap policies.
o There are some research studies discussing the technical antecedents of

synchromodality. However, there is a lack of research discussing managerial
antecedents of synchromodality.

o Few research studies have tried to quantify the synchromodality impacts on
decarbonization in freight transport systems. But there is still an urgent need for
pilot projects at regional/national level that can quantify the positive impacts of
synchromodality for the future.

 The models for evaluation of synchomodality impact on decarbonization in freight transport
systems might use the following methods:

o Optimization procedure for improving service and cost factors in decision-making
procedures,

o ABM that is able to simulate “what-if” technology disruption scenarios coupled with
a GIS environment,

o Models with stochastic processes for representing different parameters. However,
covering all critical variables/parameters are difficult and might be even
computationally unfeasible. Therefore, the most critical parameters should be
smartly selected for these models, and

o Models that can practically be used in real-time data simulation of a freight transport
system with inputs from digital technologies in physical internet (PI) and digital twin
(DT) concepts.

4.2.2 Supply chain synchronization

The literature review of supply chain synchronization can be summarized into the following notes:
 Models discussing synchromodality from a supply chain perspective (SSCP) aimed to minimize

the total logistics cost (TLC) including all cost factors in logistics and supply chain such as
transport costs and inventory costs. Moreover, these models do not consider dynamic
inventory management and stochastic customer demand.

 Supply chain synchronization can be discussed from decentralized and centralized coordination
perspectives. Decentralized supply chain synchronization requires digital technologies such as
blockchain. Centralized supply chain synchronization can happen via cross chain control centre
concept.

 Cross chain control centre might include supply chain control towers, logistics service control
towers, and reverse supply chain control towers. The cross chain control centres need different
tools such as IT and analytical tools:

o The IT tools in control towers should provide services such as KPI dashboard, alert to
action, task and case management (“ticket management system”) and global visibility
of mainly demand and supply;
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o The IT system in control towers should have layers such as supply chain perception
layer (IoT, etc.), supply chain business layer (supply chain members, processes, etc.),
information operation control layer (storage information, control principles with
feedback loops, etc.), information service platform (transparency and visualization and
feedback, etc.), and information manpower layer (decision making centre); and

o The analytics tools in control towers need to provide business intelligence support for
identifying problems and crises and suggest resolution scenarios.
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5 Blockchain technology

5.1 Literature review
Pu and Lam (2021) identified the two following themes in recent literature on blockchain
technology applications regarding the carbon footprint monitoring and assessment: 1) Carbon
trading or carbon emission management and 2) Quantification of carbon emissions directly from
a blockchain system. Bin et al. (2022) discussed the application of blockchain in energy markets,
chemical and manufacturing (supply chain) and carbon trading markets. They estimated that the
blockchain can bring an extra 30 % reduction in emissions and costs in the next decade.
Slatvinska et al. (2022) discussed the impact of blockchain on international trade and financial
business. It is expected that the blockchain application will increase the amount of international
trade by 2030 (around US$ 866 bn) associated with decreased cost for business and banking
sector (by 11 %). Therefore, the economy and freight transport demand sub-modules in the
integrated assessment models should be able to reflect the potential changes in trade (in $/€
trade value, tone, tkm, and vkm) due to different levels of technology adoption of digital
technologies such as blockchain.

Parmentola et al. (2022) provided a comprehensive systematic review for blockchain and
environmentally sustainable development goals (SDGs). They highlighted the role of smart
contracts for transport and logistics using blockchain over the sustainable development goals
(SDGs) achievements. Antônio Rufino Júnior et al. (2022) did a systematic review for the
application of blockchain in battery supply chain. The results show that the blockchain can
improve the control on battery performance and possibly increase the actual lifetime of battery
in different sectors. The blockchain can play a major role in tracking lifecycle of a battery in a
supply chain involving different process and actors: 1) blockchain can be used to store data,
allows GHG emission calculation metrics, improves the battery lifecycle management and 2)
facilitating of recycling and reuse are among the benefits of using blockchain in battery lifecycle
management. Antônio Rufino Júnior et al. (2022) also proposed using digital twin (DT) concept
associated with blockchain to monitor and control the battery supply chain.

Budak and Çoban (2021) claimed that they quantified the adoption of blockchain technology
impact on supply chain. They used cognitive maps (CM) methods like HFCH, PL-FCM and RS-CM
with ten parameters such as cost or risks. The parameters have been decided for 5 different
scenarios of blockchain adoption and the results have been discussed. Pournader et al. (2020)
did a systematic review of blockchain technology application in supply chain, transport and
logistics. They reviewed the literature in terms of implementation, value and impact of blockchain
technology on supply chain, transportation and logistics. They discussed blockchain in four
clusters (4Ts): 1) Technology, 2) Trust, 3) Trade and 4) Traceability/Transparency. They
mentioned the limitations of blockchain technology for constraints such as transactional
throughput (volume of transactions), latency (time required to add data to the blockchain), and
size (byte per transactions). This confirms why blockchain has only been used for high-value
transactions and not for high-volume transactions. Another limitation can be that there is a lack
of communication between blockchains which poses a problem for mass adoption and a lack of
capable data storage and analysis mechanism. Immutability might be the next limitation which
means, for example, erasing the incorrect ordering from the blockchain is not easy and might
take extra time and energy. Finally, the cost and energy consumption of implementing blockchain
technology might be high (Sedlmeir et al., 2020).
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Kopyto et al. (2020) conducted an empirical study to evaluate the potential of blockchain impact
on supply chain management in the long-term (2035). They used the Delphi survey methodology
for an international multi-disciplinary panel including 108 experts from academia, industry and
politics. They reviewed and discussed the three main types of blockchain architectures - public,
consortium and private - in terms of their network (centralized or decentralized), permission etc.
They stated that for different use cases there is a need for different blockchain architectures. For
example, for smart contracts the most frequently used blockchain technology in SCM are
Ethereum and Hyperledger Fabric (Wang et al., 2018). Kopyto et al. (2020) stated that the
technical feasibility of blockchain is not enough to analyse its impact on SCM. But there is a need
to consider other shifts (changes in culture, science, industry, user experience and policy). The
current disruptive blockchain innovation provides a window of opportunity. This window will be
open if shifts at the macro-level (such as changes in macro-economic, deep cultural patterns and
macro-political) development put pressure on  SCM (Geels and Schot, 2007). Kopyto et al. (2020)
identified some central trends that put pressure on SCM such as: 1) rising global competition
through globalization and geographical expansion of manufacturing network, 2) striving for
efficiency in performance, quality and costs, and 3) increasing customer demand for
transparency, accountability and social responsibility. All in all, the window of opportunity will
remain open if the blockchain technology in SCM increases transparency and efficiency.
Ar et al. (2020) carried out a study to evaluate the feasibility of using blockchain in logistics and
SCM. They used a quantitative approach in this study and proposed a decision framework as a
multi-criteria decision structure including AHP and VIKOR under Intuitionistic Fuzzy Theory. They
analysed 8 criteria of blockchain in logistics including scalability, privacy, interoperability, audit,
latency, visibility, trust, and security. They also analysed blockchain in more detail in 9 different
operations in logistics including material handling, warehousing, order processing, transportation,
packaging, fleet management, labelling, vehicle routing and product returns management. The
finding shows that the most important criteria for blockchain adoption in logistics are security,
visibility and audit and the most feasible blockchain application in logistics are transportation,
material handling, warehousing, order processing and fleet management.
To better understand the impact of blockchain technology on supply chain coordination, we refer
to Appendix A for further details about definitions and key factors in blockchain adoption in
logistics and supply chain management and summaries of literature review for blockchain
technology application in studies that use analytical and empirical methodologies. The next
section shows the highlights from blockchain technology literature review:

5.2 Highlights from blockchain technology literature review
The literature review of blockchain technology can be summarized in thefollowing notes:
 Blockchain technology applications in carbon footprint monitoring and assessments can be

seen via models describing 1) carbon trading or carbon emission management and 2)
quantification of carbon emissions directly from a blockchain system.

 A similar approach to blockchain-enabled motor vehicle restrictive and trading system based
on carbon emission cap (STRICTs) (Lu et al., 2022) can be used for monitoring, reporting,
and verification (MRV) concept and different types of contracts such as emission cap
registration contract (ECRC), emission permit purchase contract (EPPC) and emission violation
contract (EVC), etc.
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 Blockchain technology, likewise other digital technologies, might facilitate the national and
international trade and subsequently increase the freight transport demand. Therefore,
economy and freight transport demand sub-modules in the integrated assessment models
should be able to reflect the potential changes in trade (in $/€ trade value, tone, tkm and
vkm) due to different levels of technology adoption of digital technologies such as blockchain
in their modelling procedure.

 Blockchain technology can be coupled with digital technologies and concepts such as cyber
physical system (CPS) and digital twin (DT) and increase the lifecycle performance of different
key products (i.e., batteries for EVs) via improving the monitoring and control procedure over
the supply chains.

 The blockchain benefits for supply chain and logistics management can be discussed in 4Ts
clusters of technology, trust, trade, and traceability/transparency.  The most important criteria
for blockchain adoption in logistics are security, visibility, and audit. The most feasible
blockchain applications in logistics operations are transportation, material handling,
warehousing, order processing and fleet management.

 There are limitations for blockchain technology application in supply chain because of
constrains such as transactional throughput (speed and volume of transactions), latency (time
required to add data to the blockchain) and size (byte per transactions). The other limitations
are the following:

o There is a lack of communication between blockchains which pose a problem for mass
adoption and capable data storage and analysis mechanisms;

o Immutability might be the next limitation which means, for example, erasing the
incorrect ordering from the blockchain is not easy and might take extra time and energy
to fix;

o The cost and energy consumption of implementing blockchain technology might be
high; and

o Other challenges are information redundancy, security of smart contract, standard
platform, optimisation of consensus algorithm, transactional speeds, verification
process and data limitations.

 The impact of blockchain technology applications on supply chain should be analysed for
different blockchain architectures. For example, smart contracts in SCM can be designed and
analysed by Ethereum and Hyperledger Fabric.  A blockchain-based platform needs to be
designed for specific use-case with detailed information about its consensus mechanisms
permissionless blockchain such as PoW and permissioned non-PoW consensus mechanisms
such as PoS, PoS and PoA (see Appendix A for more information about consensus mechanisms
in blockchain technology).

 It is said that a blockchain-based system works and consumes twice the amount of energy
than a centralised system. From IT perspective, increasing the computing power (through
adding miner nodes) might improve the throughput of a network but it might also slow down
the system (depending on the consensus protocol). Distributed ledger technology (DLT) might
be a solution to increase the number of transactions in a unit of time, but it has a limit of
transaction rate by a blockchain network.

 The system design of a blockchain-based platform should involve the following analytical
steps:
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o System performance analysis: The performance of the blockchain-based platform
needs to be tested via simulation tools such as Simul8 and “virtual operation” modelling
concept for cyber-physical scheduling control, for example, for smart contract design.

o Operational cost analysis:  The simulation tools such as Ethereum virtual machine
(EVM) might help to conduct more precise operational cost analyses, for example, for
designing a smart contract in a blockchain-based platform.

o Energy consumption analysis: The level of energy consumption in consensus
mechanism depends on the network size (node number) and workload (using different
consensus mechanisms for different levels of security) in different types of transactions.
The simulation results in operational cost analysis might be useful for this analysis.

o GHG emission analysis: By knowing the GHG intensity of electricity and the energy
consumption (from the energy consumption analysis), the operational GHG emission of
running the blockchain-based system can be simply estimated.

 The impact of different levels of blockchain technology maturity on logistics and supply chain
can be evaluated by combination of DT and CPS as well as simulation tools for “virtual
operation” modelling concept such as Simul8 and Ethereum virtual machine. Levels of
blockchain maturity can be defined based on so called classification from Blockchain 1.0 to
Blockchain 5.0. Regarding this classification of blockchain technology, the application of
blockchain technology can vary from Blockchain 1.0 for cryptocurrency and financial
transactions purposes to Blockchain 5.0 for machine intelligence and data analytics in an
automated smart application.

 The analytical models used for modelling blockchain technology in the literature are
mathematical modelling approaches such as Petri-Net models (Cavone et al., 2018), game
theory , optimization, simulation and other computational based studies like meta-heuristics
in topics such as product information disclosure, smart contracting, sustainable operations,
supply chain finance data analytics and uncertainties.

 The empirical research in blockchain technology is conducted by both qualitative
methodologies (such as focus group, case study, in-depth case study, interviews, ground
theory) and quantitative methodologies (such as survey, Delphi survey, statistics, ANP,
DEMATEL, case study) for analysing the blockchain adoption and barriers, smart contracting,
logistics, etc.

 The important factors and items for blockchain adoption in logistics also can be identified by
using theoretical frameworks such as technology-organisation-environment (TOE) (Orji et al.,
2020, Kouhizadeh et al., 2021). These factors should include layers such as circular economy,
shared economy, cloud manufacturing, policy measures, paradigm shift in monitoring and
information sharing.
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6 Discussion
This chapter provides a discussion of logistics in the current strategic assessment models at a
European level in Section 6.1. The requirements for the future logistics and freight transport
models are discussed in Section 6.2. Finally, we discuss the new types of models in Section 6.3.

6.1 Discussion on the current strategic assessment models at a European
level

The current models used for showing decarbonization pathways in freight transport sections are
not able to properly represent the short-term and the midterm pathways for decarbonization
targets because of the following reasons:

 “What if” scenarios in these models do not address adequately the systemic changes.
 The models neglect the intermediate impact of technology disruption and transformation,

organizational development logistics and supply chain collaboration.
 More details on systemic changes are needed for the impact analysis. For example,

operational costs of the given technology disruption and transformation should be
customized with more details based on feedback loops from other localized models.

 These models ignore the overlapping impacts of different combination of systemic
changes. Coupling models with bottom-up simulation approaches like ABMs might reduce
the uncertainties and distinguish the overlapping impacts in “what-if” scenarios.

6.2 Requirements for the future logistics and freight transport models
The following sections discuss how strategic modelling can meet these new knowledge and
policy assessment needs.

6.2.1 General considerations of model development

System (non-marginal) change in logistics
Chapters 4 and 5 have reviewed the literature on synchromodality (including supply chain control
towers) and blockchain applications in logistics. Initial analyses of the literature find a significant
amount on blockchain applications. However, the impacts of such system changes
(synchromodality and blockchain) are not considered in current transport strategic assessment
models. Therefore, in order to address strategic questions of the level of transport activity in
digitalised logistics and the environmental impact of digitalisation on freight transport, analyses
of the new digitalised logistics operations and technologies is required. Such analyses could
perhaps then develop an understanding of the aggregated, combined impacts of decarbonisation
and digitalisation.
Level of detail/complexity or abstraction of models.
A fundamental consideration for the development of any simulation model is the level of
abstraction from the ‘real world’. Limitations are imposed by both data availability and computing
power. Current strategic integrated assessment models for EU transport use EU data, often at
the NUTS 2 level.  However, much more detailed datasets exist, and survey data can provide
information about freight transport at a micro (firm/vehicle) level. GIS/AIS based data can in
principle, if made available to model builders, enable new simulation approaches, in particular
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ABMs, that can generate a much more realistic distribution of vehicle movements and hence a
more realistic estimate of transport activity, especially when operational patterns of vehicles and
supply chains are changing though e.g. blockchain-based market segmentation or increased load
transfers in synchromodal systems and more complex low carbon vehicle based distribution. It is
an open question as to whether the current integrated strategic assessment models can be
effectively expanded to analyses these new systems or such strategic analysis require models
with a different structure.
Based on the performed literature review on the current logistics and freight transport models in
Chapter 2, possible extensions of the current models could be:

 Mesoscopic simulation approaches such as the Aggregate-Disaggregate-Aggregate (ADA)
models can improve the results for modelling national and regional logistics and freight
transport demand. The ADA models supplemented by PC models, logistics models and
network-based models can provide Logsum feedbacks to improve the freight transport
results. These models can couple with bottom-up approaches such as ABMs to reflect
dynamic behaviour of different actors in logistics and supply chain systems.

 Such models might bring new challenges for regular updates, data collection (SP/RP data)
and modelling approaches (ICLV models).

 Models that incorporate a detailed structure of logistics decisions along the supply chain
(choice of supplier and receiver, distribution channel, shipment size, port, consolidation
and distribution, fleet size, combination choice, tour formation, failed delivery goods,
departure and delivery time and empty vehicle trips).

 Models need to address supply chain coordination not only for logistics parameters but
also other parameters for production and inventory stages.

 In terms of decarbonisation technologies, models to compare alternative fuels as well as
models, including catenary roads or magnetic charging systems are required. Combined
tour/load optimisation with availability of low carbon energy infrastructure and limited
range/limited capacity of very low carbon vehicles (cargo bikes) are other examples that
need to be considered by these models.

Based on the literature review and discussion on the current assessment models/tools in Europe
(in Chapter 2 and Section 6.1) and literature review of the most significant digital technology
aspects (blockchain, PI, CPS, DT), concepts (supply chain synchronization and synchromodality)
and modelling trends (ABMs) in logistics and freight transport (Chapter 3 to Chapter 5), the
suggested future improvements to the existing models are summarized below.

6.2.2 Life Cycle Analysis (LCA)

Following the discussion on the current assessment models in Chapter 2, the LCA approach should
be added to the current assessment models and tools either endogenously or exogenously for
the decision-making process:

 One possible solution could be linking to Process-based, IO-based or hybrid LCA databases
and models such as GREET, GaBi, Ecoeivent and SimaPro.

 The LCA approach should represent not only WTW emission of fuel but also LCA of the
other cradle-to-grave elements such as cradle-to-grave vehicle emissions (including critical
components such as battery in BEVs) and infrastructure (such as road/rail construction
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and charging system construction over the road segments like ERS or stationary charging
solutions for refuelling/recharging like hydrogen, battery swapping station, depot and  fast-
charging stations) as well as emissions resulting from operational activities such as
maintenance.

 The models should consider the possible micro-economic change impacts of supply chains
on LCA of critical materials. For example, due to economic reasons such as cheap raw
materials and labour, many products are manufactured and imported from other world
regions (China) with different energy and emission profiles for extracting raw materials
and manufacturing processes.

6.2.3 Total cost of ownership (TCO)

Following the discussion on the current assessment models in Chapter 2, the TCO should be
considered as the generalized cost parameter for technology and model choice criteria with more
detailed classification:

 The operational cost of technologies should be specified based on localized characteristics.
 Dynamic linkage with models with micro-economic, techno-economic, and socio-economic

characteristics might improve the results based on close to real decision-making processes.
 Literature review on the TCO might give more insight for cost structure of the given

technology and different elements in the TCO analysis.

6.2.4 Agent-based models (ABMs)

The current models could couple with bottom-up approaches such as ABMs to model the
interaction between different firms or group of firms in logistics and supply chains. The application
of ABMs in assessment models and tools can be summarized as follows:

 The large-scale logistics and freight transport models on international, national or regional
levels can use the ABMs in three ways: 1) Data exchange between models (ABM(s) and
macro-level models), 2) Conducting supplementary sub-studies (which are done
simultaneously and separately by ABMs and macro-level models) and 3) Integrating
macro-level and ABM in one single package.

 The ABMs can be used for simulating the adoption of technology disruption and
transformations. For example, adoption of alternative fuel vehicles (AFVs) can be simulated
by ABMs which can represent a wider range of consumer behaviour compared to other
tools such as E3 models, sectoral techno-economic simulation models, technology diffusion
models and socio-technical energy transition (STET) models.

 The ABMs can also be used for reflecting the collaboration among supply chain partners in
trade, modelling behaviours for major asset decision (vehicle fleet renewal), modelling the
impact of firm strategy and strategic alignment or information sharing among supply chain
members.

 Despite all above advantages of using ABMs for modelling logistics and freight transport
systems, the following gaps are identified in ABMs application on a large-scale level: model
and result validation are challenging, there is a lack of standard application framework and
methodology, designing complex interactions (relationship) between numerous agents in
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different sectors is challenging and difficulty to access to datasets at strategic, technical,
and operational levels.

 The ABMs can be developed for decision support systems (DSSs) in different context, for
example, multimodal logistics and supply chains. Complex concepts such as physical
internet (PI) and digital twin (DT) applications in a synchromodal freight transport system
can be simulated by ABMs.

6.2.5 Digitalisation

Models are required at a strategic level to demonstrate the benefits of new digital technologies
for data management, smart contracts, real time data. The impact of policies to promote software
development would also need to be modelled. Such analyses can inform EU policy on establishing
a leading role for the EU in digitalised logistics technologies and promoting the competitiveness
of EU logistics and EU industry. Two main areas have been identified:

 Synchromodality and supply chain synchronization /IoT/PI
 Blockchain technology

6.2.5.1 Synchromodality and supply chain synchronization

Synchromodality, where whole supply chain management is adaptive in real time, requires models
of alternative providers and modes for the different links of a supply chain. Also, predictive
production and tour/mode choice as a tour formation model.
Synchromodality and supply chain synchronization can play an enabler role for decarbonization
in freight transport sector over mode chains and supply chains. However, as it is discussed in
Chapter 4, these concepts need technical and managerial antecedents. Regarding the systemic
changes required for implementation of these concepts for decarbonization in logistics and freight
transport systems, following models and methods might be used:

 Optimization models and procedure for improving service and cost factors in decision-
making procedures

 ABM that is able to simulate “what-if” scenarios for technology disruption and
transformation (different levels of blockchain adoption) coupled with a GIS environment

 Models with stochastic processes for representing different parameters. However, covering
all critical variables/parameters are difficult and might be even computationally unfeasible.
Therefore, the most critical parameters should be smartly selected for these models.

 Models that can practically be used in real-time data simulation of a freight transport
system with inputs from digital technologies in PI and DT concepts.

 Models that reflect the impact of different levels of development for both technical and
managerial antecedents.

 Models that can simulate and distinguish different levels of decentralized and centralized
coordination in supply chain.

6.2.5.2 Blockchain-based models for logistics and supply networks,
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Blockchain can play enabler roles in different concepts such as shared economy and circular
economy. In addition to these roles, its role is critical in carbon footprint monitoring:

 Models that describe 1) carbon trading or carbon emission management and 2)
quantification of carbon emissions directly from a blockchain system.

 Blockchain technology can be coupled with digital technologies and concepts such as
physical internet (PI), cyber physical system (CPS) and digital twin (DT) and increase the
lifecycle performance of different key products (i.e., batteries for EVs) via improving the
monitoring and control procedure over the supply chains. Such impacts could be
incorporated in LCA assessments

 Blockchain applications offer the possibility of reduction of transaction costs of data
exchange. Blockchain technology, similar to other digital technologies, might facilitate the
national and international trade and subsequently increases the freight transport demand.
Therefore, economy and freight transport demand sub-modules in the integrated
assessment models should be able to reflect the potential changes in trade (in $/€ trade
value, tone, tkm, and vkm) due to different levels of technology adoption of digital
technologies such as blockchain in their modelling procedure.

 The impact assessment of blockchain in decarbonization of logistics and freight transports
should be developed based on results of a large-scale prototype design and simulation.
The cost and emission parameters in a blockchain-based platforms might be calculated
from system performance analysis, operational cost analysis, energy consumption and
GHG emission analysis at specific segments and for specific products/services.

 “What-if” scenario creations in strategic assessment models can be based on specific
targets or levels of blockchain maturity adoption such as so-called classification from
Blockchain 1.0 to Blockchain 5.0.

 Blockchain adoption in logistics and supply chain can be estimated based on theoretical
frameworks with detailed parameters such as circular economy, shared economy, cloud
manufacturing, policy measures, paradigm shift in monitoring and information sharing.

6.2.6 Data management and standardisation

Data management will play a major role in the future strategic assessment models:

 In modelling, elasticities and equations (regression models) need to be regularly updated
(annually) based on literature review and available data sources.

 Accessibility to the data should be provided in automated and smart ways. Standardization
of data and communication platforms can improve the information sharing issue over
logistics and supply chain.

 Moreover, the data sharing paradigm shift remains an open question of the role of block
chain in information sharing, horizontally (among competitors) and vertically (among
partners) among different players in logistics and supply chain.

6.3 Objectives for future integrated strategic assessment models
New knowledge needs and future policy analysis requirements for freight transport models in the
EU have been addressed in Köhler and Brauer (2022). They conclude that freight transport is in



No 101006700 STORM – Smart freight TranspOrt and logistics Research Methodologies Page 53/67

a period of fundamental systemic change, caused by the two key drivers: decarbonisation and
digitalisation. These drivers influence each other and need to be addressed together at a strategic
level. While environmental analysis and policy modelling are extensively covered in current
strategic models, the requirements for global supply chains for new low carbon fuels (biofuels
and synthetic fuels) at the level required to completely replace fossil fuels are still not clear.
Policies for technology diffusion of these fuels are also unclear, resulting in limited progress
towards the Kyoto and Paris targets for climate change. Köhler and Brauer (2022) identify the
following gaps in current modelling:

 Scenarios that are based on the interlinked system changes of new digitalised logistics
structures and zero-carbon energy in freight transport.

 Policy packages that will improve sustainability – since freight transport is facing non-
marginal change, models that can represent processes of structural change will be needed
to assess potential points of influence on transport system changes.

6.4 New types of models

6.4.1 Models of information flows as well as physical goods flows.

These models could use PI, blockchain technology and DT. Blockchain technology can support
safe communication channels between different actors and provide roles for information sharing
what level of information should be accessed and shared by which actors. PI can provide access
to real time data for analytical tools in the control towers and also deliver messages and decisions
to PI elements in the network. DT concept coupled with different levels of simulation models can
enrich analytical tools for optimal real-time decision-making procedure in control towers.
Synchromodality and supply chain synchronization can be partially pursued by centralized (using
control towers) and decentralized (public and or private blockchains) monitoring and decision-
making tools. The models could be coupled with network-based models. Network-based model
can give feedback loop to the economy and transport demand models for analysing the impact
of policy measures. These models also can be coupled with tour formation approaches to improve
mode chains and logistics decision modelling.

6.4.2 ‘Big models’ for ‘Big Data’? ADA models

A major change is already happening in freight transport modelling, through the application of
new ‘big’ data and increasing applications of approaches from complexity science, such as
network models and ABMs. These non-linear models generate emergent behaviour, with the
‘irreducible complexity’ as the basis of the model. Discrete distributions of users, firms, vehicles
are being used in contrast to aggregate and taking averages in ‘large scale’ or ‘macro’ models.
Such models with feedbacks between the model elements combine SD and ABM approaches.
They then generate changes in the overall system properties from changes in micro parameters
– emergent behaviour as well as dynamics in the distributions of the elements.  For large-scale
analysis, this could lead to similar levels of model complexity to weather and climate modelling,
which are very resource-intensive, but are able to provide relatively reliable short- and medium-
term weather forecasts.
These models would need to use shared large datasets – using blockchain technology for
confidential data if necessary to make sharing of data between companies more attractive.
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Another alternative would be to use simulated data based on smaller samples for GPS and AIS
data for road vehicles, ships, and aircraft. These could calibrate models for operational analysis
for e.g., predictive production and distribution.
A further aspect of this approach is the development of behaviour datasets that show the range
of choice mechanisms and behaviours, to reflect the different circumstances of different
individuals, households or firms.
This Micro-Macro (meso) or ADA approach is one possible method for analysing the interlinked
system changes of new logistics structures and zero-carbon energy.
Such ‘big models’ using new modelling structures need to establish their legitimacy with
stakeholders in the policy process.

6.4.3 Rapid response models for stakeholder processes

In addition to the requirements for policy assessment modelling discussed in Section 6.1 and
Section 6.2, new areas for modelling in policy processes have been identified.
● Policy processes
This review has identified two potential areas. Models that run quickly and that can have their
parameters changed rapidly to address alternative policy combinations would enable a more
interactive relationship between freight transport modelling and policy proposal assessment.
Such models might be used to look at a broader range of scenarios than is currently undertaken
for policy assessments. In particular, it would be useful to have models that can start from current
scenarios as a baseline but consider new market structures or operational patterns in freight. In
a similar way, models of system change, which are rapid to run and can provide material for
discussion around possible system changes and policy goals could be part of the Foresight
processes in development in the EU commission (Köhler et al., 2015).
● Transitions management and living lab programs
Similar to models for supporting policy processes, such rapid response models could also be
applied in living labs, where new ideas and technologies are being tested. Simulation models can
provide scenarios for the uses and diffusion of the innovations, relevant in e.g., networks for
users or markets that will share experiences or generate other increasing returns to network
scale. Transitions management processes involve the development of visions of sustainability,
moving on to measures and scenario analysis of alternative futures. Models can be used to
develop scenarios and test them against the stakeholders’ views in an iterative process.
Such models that can be integrated into stakeholder processes could use distributions of variables
such as patterns of cargo characteristics (including volume, weight, value, origin, destination and
urgency), trip structures in intermodal supply chains to identify short-term flow patterns and
nodes of production, warehousing, cross-docking and delivery. Investment decisions in logistics
management systems, vehicles and infrastructures (transport, fuels, traffic management) could
also be based on distributions of decision-making behaviour. Such distributions could be initially
calibrated from the larger scale models but use similar approaches of discrete modelling of sets
of agents (ABMs) or network models.



No 101006700 STORM – Smart freight TranspOrt and logistics Research Methodologies Page 55/67

6.4.4 Policy modelling

6.4.4.1 Data sharing and data standards

Digitalisation in logistics and the resultant benefits are fundamentally dependent on new
capability for digitised systems to generate data and for this data to be shared. Models for policy
are required to explore how standardisation of data structures can be supported.
Benefits of open data structures would include enabling many different logistics service platforms
with search engines instead of the consolidated provision of portals by the main 3PL providers
(DHL, FedEx etc.). A further associated policy question is how to promote uptake of digital
technologies for information exchange/ smart contracts? Larger 3PLs can influence smaller
owner/operator subcontractors and therefore policy would need to influence the investment
decisions of the larger 3PLs. One possibility would be models of logistics data networks to
demonstrate the increasing returns of networked logistics markets.

6.4.4.2 Low carbon infrastructure with combined energy sources / hybrid vehicles

Models for addressing low carbon fuel supply chains are required. Policy questions that still require
analysis include: how can the demand for renewables for transport and energy be met – where
are the electricity supplies for zero carbon fuels going to come from? Here, there is a role for
current energy system models that include new transport technologies and geography of
renewables and biofuels resources.

6.4.4.3 Extensions to current scenarios

There are already extensive and established transport scenarios for the EU. However, two ways
in which they need to be expanded have been identified:

1. Scenarios of low conventional demand growth
Current scenarios do not include scenarios of lower growth. However, scenarios such as the EEA
Imaginaries (EEA, 2022) or the AHOY scenarios of shipping (Köhler et al., 2022) have concluded
that the drastic decarbonisation required to meet climate stabilisation goals such as the Paris
agreement require cultural and behavioural change. Such changes include a cultural change to
less conventional consumption and adoption of circular economy concepts to reduce resource use
and environmental pollution. Therefore, they are relevant to policy analysis and should be
included in future scenario work.

2. Scenarios of more complex urban distribution structures
One area of change that is important at a city/local level is low carbon urban distribution networks.
The idea is that at a local level, cargo bikes or e-cargo bikes could offer a very low carbon
transport mode. They would have a limited range, but this could be complemented by a more
extensive scheme of local distribution points. ‘Urban consolidation centres’ with shared usage
could replace the centralised ‘out of town’ single firm distribution centres (3PL, supermarket
chains or retail) that currently supply many urban customers using internal combustion engine
(ICE) commercial vehicles.
Such a system would require a system change in local transportation policy and logistics to be
effective. Models for such distribution systems would be required for spatial and transport
planning, as well as for logistics investment planning.
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7 Conclusion
This report considered how strategic assessment models of freight transport in the EU can
represent the two main drivers of change in logistics: digitalisation and decarbonisation. Current
freight transport modelling approaches might be able to represent pathways of low carbon
technologies adoption according to the Paris Agreement goals; however, they are not able to
represent the impact of structural system change in achieving decarbonization goals. This report
first provided a literature review on freight transport models and strategic assessment models
and tools for the EU and EU policy support. Then, we reviewed and discussed the application of
agent-based models (ABMs) in the future assessment models. Next, we reviewed and discussed
two of the most important digital technology disruptions and trends in future decarbonization: 1)
synchromodality and supply chain synchronization and 2) the impact of blockchain technology on
decarbonization in logistics and supply chain.
We proposed requirements for future model development and had a few suggestions for possible
new modelling directions. Finally, we identified policy areas, especially around digitalisation, that
may require new assessment tools. The analysis was limited to strategic assessment models of
freight transport for the EU. The following section summarises our recommendations for the
strategic assessment models of freight transport for the EU.

7.1 Models of information flows as well as physical goods flows
Such models could simulate the physical internet and blockchain technology. The models could
be coupled with network-based models. The network-based model can give feedback loop to the
economy and transport demand models for analysing the impact of policy measures. These
models also can be coupled with tour formation approaches to improve mode chains and logistics
decision modelling.

7.2 ‘Big models’ for ‘Big Data’ or Aggregate-Disaggregate-Aggregate
(ADA) models

A major change is already happening in freight transport modelling, through the application of
new ‘big’ data and increasing applications of approaches from complexity science, such as
network models and ABMs. These models would need to use large shared datasets – using
blockchain technology for confidential data if necessary to make the data sharing between
companies more attractive. Another alternative would be to use simulated data based on smaller
samples for global positioning system (GPS) and automatic identification systems (AIS) data for
road vehicles, ships and aircraft. These could calibrate models for operational analysis, for
example predictive production and distribution. Such ‘big models’ using new modelling structures
need to establish their legitimacy with stakeholders in the policy making process.

7.3 Rapid response models for stakeholder processes.
Models that run quickly and that can have their parameters changed rapidly to address alternative
policy combinations would enable a more interactive relationship between freight transport
modelling and policy proposal assessment.  They could also be applied in living labs, where new
ideas and technologies are being tested.
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7.4 Policy modelling
Finally, we identified some policy areas, especially around digitalisation, that may require new
types of assessment.  These include Data sharing and data standards, Low carbon infrastructure
with combined energy sources / hybrid vehicles, Scenarios of low conventional demand growth
and Scenarios of more complex urban distribution structures.
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Abbreviations
ABFM Agent-based freight model
ABM Agent-based model
ADA Aggregate-disaggregate-aggregate
AFVs Alternative fuel vehicles
AHP Analytical hierarchy process
AI Artificial intelligence
AIS Automatic identification system
AMI Advanced metering infrastructure
ANP Analytic network process
AR5 The fifth assessment report of intergovernmental panel on

climate change
AR6 The sixth assessment report of intergovernmental panel on

climate change
BCUM Blockchain ubiquitous manufacturing
BEV Battery electric vehicle
CC Cloud computing
CEM Clean energy ministerial
CFS Commodity flow survey
CGE model Computable general equilibrium model
CM Cloud manufacturing
CM method Cognitive maps method
CO2-eq CO2 equivalent
CPS Cyber-physical system
CRISTAL model Collaborative, informed, strategic trade agents with logistics

model
DC Distribution centre
DI Digital internet
DLT Distributed ledger technology
DSS Decision support system
DT Digital twin
DTA Dynamic traffic assignment
DTE Digital twin environment
DTT Digital twin technology
E3 Energy-Environment-Economy
E3ME Energy-Environment-Economy Macro-Econometric
EC Edge computing
ECRC Emission cap registration contract
EPPC Emission permit purchase contract
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EV Electric vehicle
EVC Emission violation contract
EVI Electric vehicle initiative
EVM Ethereum virtual machine
FAHP Fuzzy analytic hierarchy process
FCEV Fuel cell electric vehicle
GDP Gross domestic product
GE General equilibrium
GFEI Global fuel economy initiative
GHG emission Greenhouse gas emission
GIS Geographic information systems
GPS Global positioning system
GTEM Global transport energy sectoral model
HDV Heavy-duty vehicle
HFTs Heavy-freight trucks
HVO Hydrotreated vegerable oil
IAM Integrated assessment model
ICLV Integrated choice and latent variable
ICLV model Integrated choice and latent variable model
ICT Information and communication technologies
IEA International energy agency
IIO Intra-inter-organizational
INDCs Intended nationally determined contributions
IO model Input-output model
IoT Internet of things
IoV Internet of vehicles
IT Information technologies
KPI Key performance indicator
LCA Life cycle analysis
LCVs Light-commercial vehicles
LDV Light-duty vehicle
LoS Level of service
LRR Low rolling resistance
LSPs Logistics service providers
MaaS Mobility as a service
MESC Multi-echelon supply chain
MFTs Medium-freight trucks
MINLP model Mixed integer non-linear programming model
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MJ Megajoule
ML Machine learning
MRIO model Multi-regional input-output model
MRV Monitoring, reporting, and verification
MTS Modern truck scenario
NSTR Standard goods classification for transport statistics
NTEM National transport/energy model
NUTS Nomenclature of units for territorial statistics
OBD Onboard diagnostic
OD Origin-destination
P2P Peer-to-peer
PC Production-consumption
PI Physical internet
PoA Blockchain mechanism Proof-of-authority blockchain mechanism
PoI blockchain mechanism Proof-of-identity blockchain mechanism
PoS blockchain mechanism Proof-of-stake blockchain mechanism
PoW blockchain mechanism Power-of-work blockchain mechanism
RP data Revealed preference data
RTS Reference technology scenario
SC Smart contracts
SCGE model Spatial computable equilibrium model
SCM Supply chain management
SD System dynamics
SD System dynamics
SDGs Sustainable development goals
SP data Stated preference data
SSCP Synchromodality from a supply chain perspective
STET model Socio-technical energy transition model
SW Sematic web
SYMBIT model Synchronization model for Belgian inland transport model
TCO Total cost of ownership
tkm Tone-kilometre
TLC Total logistics cost
TOE Technology-organisation-environment
TPMs Transport policy measures
TPS Tyre pressure system
vkm Vehicle-kilometre
VoT Value of time
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WTW Well-to-wheel
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Definitions and key factors in blockchain adoption in logistics and
supply chain management
The terminologies and classification of blockchain evolutions proposed by Choi and Siqin
(2022) might represent the most complete picture of blockchain application in supply chain.
blockchain 1.0 to blockchain 5.0, represent the evolutions of blockchain technology from
using as currency (i.e., in finance) to using machine intelligence and data analytics in the
automated smart application. The following subsections represent some definitions and
methods to better understand the impact of operational cost and emission for blockchain
technology adoption in logistics and supply chain management.

1.1 Consensus mechanisms in blockchain
According to Sedlmeir et al. (2020) and many other works (Jabbar and Dani, 2020,
Vatankhah Barenji et al., 2020) in blockchain technology topics, the consensus mechanisms
in blockchain are defined for different purposes. Bitcoin as the first application of blockchain
technology, for peer-to-peer (P2P) decentralized transaction system (with primarily
application of cryptocurrency) gets rid of the third-party middleman like banks to control the
transactions. In this decentralized payment system, all participants (nodes) typically store
copy (replica) since there is no distinguished master of the associated ledger. A ledger is
commonly defined as a collection of accounts, stating one’s ownership rights of a certain
asset.
blockchain links transactions for shaping baches (blocks) and adding them to existing data
structure (chain). Merkle trees and hash-pointers will be used to make this highly temper-
sensitive data structure easy to detect. An agreement named consensus mechanism will be
needed to create a new block in blockchain system. Anyone can have a node in a typical
cryptocurrency and get involved with the consensus mechanism by using public key
cryptography without any form of registration. Such a consensus mechanism (like bitcoin)
which do not need any permission for accessing such open system blockchain named as
permissionless blockchains.
Public and permissionless blockchain like Bitcoin combines several well-known
cryptography concepts to shape so-called power-of-work (PoW) blockchain mechanism. The
queued transactions for creating a new block need the process of searching a solution
named as “mining”. Mining associate with a reward system for every valid block and typically
take part of a certain amount of cryptocurrency and fees associated with transactions. In
PoW blockchain are so much energy-intensive by design to be able to successfully make
secure the transactions (and blockchain mechanism) against attacks.
According to Sedlmeir et al. (2020) other blockchain mechanism (non-PoW) has very smaller
energy consumptions level. However, they claimed that it’s not the consensus mechanism
which define the energy consumption level but it’s the details of blockchain design for
example for reducing the degree of redundancy depending on the network size (number of
nodes) and workload associated with operating transaction. A list of non-PoW mechanism
are mentioned by Sedlmeir et al. (2020) like proof-of-stake (PoS), proof-of-identity (PoI),
proof-of-authority (PoA).
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In PoS, the weight of participant’s vote is tied to the scarce resource of capital (not
computing power). So, there is a random mechanism to determine who is allowed to build
“mint”, “forge”, and “bake” and attached the next block. This mechanism helps to increase
the probability of being selected based on the amount of cryptocurrency that a node has
deposited and locked (staked). PoS benefits the lower computational steps to solve
cryptographic puzzles compared to PoW. As a result, Ethereum as the currently second-
highest market capitalization is trying to switch from PoW to PoS. Other cryptocurrencies
like EOS, Tezos, and TRON amongst the top 20 cryptocurrencies of market capitalization
already use PoS. Ethereum platform can be either public (Ethereum) or private (Ethereum
Alliance) (Jabbar and Dani, 2020).
Permissioned blockchain technologies are referred to those mechanisms that only
restricted groups of participants get involved in consensus. These blockchains are suitable
for public sector which participants usually build consortium with registration process and
all are known. In this type of consensus mechanism, everyone has a single vote in kind of
election so sometimes this kind of permissioned blockchains called PoI or PoA. The example
of using PoA are involved in different levels of security, for Paxos, PBFT, Istanbul BFT, Aura,
RAFT, Hyperledger Fabric, and Quorum. The amount of energy consumption in PoA is
dependent on the security (and required complexity for it).

1.2 Estimate of operational energy consumption and emission for blockchain
technology application in logistic and supply chain

Sedlmeir et al. (2020) provided a method for energy consumption estimate of different
consensus mechanism in blockchain. They developed sets of equations to define the upper
and lower bound of energy consumption for different consensus mechanisms of blockchain.
They generalized some variables such as node numbers in blockchain network, energy
consumption in each node regarding the workload in different blockchain consensus
mechanism. As it is discussed by Sedlmeir et al. (2020), the energy consumption level in
consensus mechanism depends on the network size (node number) and workload (i.e., for
security) in different types of transaction. The simulation tools such as Ethereum virtual
machine (EVM) might help for getting more precise operational cost analysis (and probably
energy consumption value) for example, for designing a smart contract blockchain-based
platform. The GHG emission resulting from operational energy consumption can be simply
calculated based on GHG emission intensity of electricity generation in the region where a
blockchain system is operating.

1.3 Estimate of operational costs and design performance for blockchain
technology application in logistic and supply chain based on a private
blockchain design

Jabbar and Dani (2020) provided an example of calculating operational costs associated
with a specific smart contract for doing buyer-supplier transactions (including a supplier,
manufacturer, and retailer). They proposed a methodology to design a blockchain-based
platform based on some technical requirements (i.e., number of transactions, frequencies,
and intensity of transactions) to deter any defect in the implementation stages. They used
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a fully functional virtual public blockchain (Ethereum virtual machine (EVM)) to calculate the
computational costs for smart contracts. Ethereum has been popular with large companies
(like Google, Amazon, and Citigroup) for testing it in their research.
Operational costs in transactions calculated based on gas units. In Ethereum network, any
transactions (which need to use the resources) need to pay the computational costs. The
cost can be calculated as transaction fee = total gas used * gas price paid (in ether). For
more information about the gas price, fee, and other units like gwei, we refer to Gas and
fees | ethereum.org1. Jabbar and Dani (2020) represented the operational/computational
cost analysis results of different functions in smart contract in gas and USD.
Vatankhah Barenji et al. (2020) proposed a blockchain-based platform for cloud
manufacturing (CM) and ubiquitous manufacturing (UM). They showed that the trust,
scalability, security, and big-data problems can be solved by using a consortium blockchain.
They designed a network architecture (named blockchain ubiquitous manufacturing
(BCUM)) is developed based on existing consensus mechanism and communication protocol
in a cyber-physical system (CPS) by using autonomous agents. They designed and simulated
the BCUM in a such a way that it can show the details of transaction cost and time analysis
for the given network and consensus mechanisms (in different nodes and different layers).
They tested their platform (BCUM) for a case of 3D printing company based on network
performance and three different scenarios. They also named some challenges such as
information redundancy, security of smart contract, standard platform, optimisation of
consensus algorithm and energy and resource consumption. The other challenges are listed
as transactional speeds, verification process, and data limitations. It is said that a
blockchain-based system works and consumes energy twice bigger than a centralised
system. Increasing the computing power (through adding miner nodes) might improve the
throughput of network but it might also slow down the system (depending on the consensus
protocol). Distributed ledger technology (DLT) might be a solution to increase the number
of transactions in a unit of time, but it has a limit of transaction rate by a blockchain network.

Martinez et al. (2019) conducted empirical research to evaluate the impact of adopting
blockchain in supply chain focusing on the customer order management process and
operations. They used simulation methodology based on data collected from an in-depth
case study (interview and customer-supplier relationship historical data). The simulation tool
(Simul8) has been used to simulate different scenarios of as it is (without blockchain), initial
(1-year application), and (a 5-year application) mature block chain state. The simulation has
been set for certain assumptions about availability of human resources like work efficiency,
batching size and frequencies, switching time between orders, and so on. The results shows
that the efficiency of the process and the utilization of human resources has been improved
significantly (reduce the number of operations, average time of orders, and workload, shows
the traceability in orders and enhance the visibility in supply chain participants) by using
blockchain technology in the customer order management process and operation system.

1 https://ethereum.org/en/developers/docs/gas/

https://ethereum.org/en/developers/docs/gas/
https://ethereum.org/en/developers/docs/gas/
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Analytical models for blockchain technology in supply chain and
logistics
Choi and Siqin (2022) provide extensive literature review of different levels of blockchain
development (blockchain 1.0 to 5.0) through an intra-inter-organizational (IIO) operational
framework. They reviewed the literature based in different classifications: blockchain 1.0 to
5.0, conceptual papers, empirical papers, analytical modelling papers. The analytical
modelling approaches based on literature review might be helpful to bring some idea how
to model the impact of blockchain in IIO operational framework. According to Choi and Siqin
(2022), analytical models in the literature use mathematical models such as game theoretical
studies, optimization, simulation and other computational based studies like meta-heuristics
in topics such as product information disclosure, smart contracting, sustainable operations,
supply chain finance, and data analytics and uncertainties. Analytical (mathematical)
methodologies are well-explored for sustainable operations (SUO), smart contracting (SMC),
production information disclosure (PID), and supply chain finance (SCF); partially explored
for data analytics and uncertainties (DAU); and under-explored for blockchain adoption and
barriers (BAB), blockchain and IT service (ITS), logistics (LGT), and customers (CUS). The
following ideas, techniques, and methods might be suggested for quantifying the impact of
blockchain technology on supply chain and logistics based on literature review of studies
used analytical models:
 Algorithms including smart contracts design and “Virtual operation” modelling concept

for cyber-physical scheduling control (Dolgui et al., 2020) can be used in digital twin
(DT) concept for quantifying the blockchain impact on logistics and supply chain. Dolgui
et al. (2020) discussed the blockchain-driven design of the smart contracts in supply
chains. They proposed an event-driven dynamic approach to solve the problem in smart
contract similar to the flexible flow shop scheduling. They used the combination of
continuous optimization by optimal control and discrete optimization through
mathematical programming. “Virtual operation” modelling concept provides a cyber-
physical scheduling control framework for smart contract design in this study.

 A system blockchain-based platform to evaluate enterprise capability and sharing system
in a supply chain network which includes different layers of analytics and processes and
details of operational costs (Li et al., 2020). Li et al. (2020) proposed a system platform
to evaluate enterprise capability and sharing system within supply chain network rather
than core enterprise. The platform includes five layers of source, perception, analytics,
application and management layers and mainly four divided perspectives of human
resources, manufacturing throughput, product quality, and logistics. This platform can
evaluate the production capability and shares in the supply chain network via blockchain
through the following steps: 1) IoT services for real-time data collection, data process
by machine learning, and transfer to each criterion; 2) Applying AHP for weighting each
criterion, getting production score; 3) using blockchain-based system to ensure sharing
information and recording the smart contract automation transaction records. The model
could be simulated under different scenarios based on selected criteria (i.e., working
efficiency, material supply, product reliability) under main categories of human resource,
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manufacturing throughput, product quality, and logistics. In this paper, the operational
(transaction) costs of smart contracts are calculated in blockchain.

 A blockchain-based optimization and monitoring approach for synchronizing a multi-
echelon supply chain to optimise the carbon footprint by using blockchain in supply chain
including total cost evaluation (probably including transaction/operational cost)
(Manupati et al., 2020). Manupati et al. (2020) developed a quantitative methodology
using a blockchain-based optimization and monitoring approach for synchronizing a
multi-echelon supply chain by using a mixed integer non-linear programming (MINLP)
model for a multi-echelon supply chain (MESC) under a carbon taxation policy. They also
used a non-dominated sorting genetic algorithm (NSGA-II) to validate the result. Their
work is unique in many aspects:  both emission and cost has been optimized in their
approach for whole supply chain operation, blockchain has been analysed for real-time
decision making for supply chain operations (including transport, production, and
inventory), they claim that their work is closer to the reality than the other existing
studies because of considering raw materials and intermediate products for product
emission values , and their work integrates the lead time constraints. Finally, Manupati
et al. (2020) noted the role of interoperability for understanding the potential of new
technologies for a holistic view of supply chain.

 An approach analysing the effectiveness of blockchain in improving financial and
operational benefits of logistics activities and modal share (sea vs. air shipment) for firms
involved in international trade (Yoon et al., 2020). Yoon et al. (2020) analysed the
effectiveness of blockchain in improving financial and operational benefits of logistics
activities of firms in international trades. They modelled mathematically the cost
reduction potential of using blockchain to gain benefits (increase profit via reducing
shipment cost) from increasing the shipment share via ocean (vs. air shipments). The
logistics postponement has been formulated for analysing the impact of blockchain on
cost (reduction and increased, positive or negative impact), and lead time in demand
volatility assumptions. Using the blockchain in supply chain reduce the time in ocean
shipments via shorten process time (reduction of lead time) at the ports/terminals,
increased visibility and accuracy, and improved demand forecast with demand
volatility/variability scenarios. In objective function maximising the firms’ profit potential,
the cost items are listed as revenue, total cost of ocean shipping, total cost of air
shipping, blockchain implementation and its operating cost.

 A blockchain-enabled motor vehicle restrictive and trading system based on carbon
emission cap (STRICTs) (Lu et al., 2022) might be used for monitoring, reporting, and
verification (MRV) concept and different types of contracts such as emission cap
registration contract (ECRC), emission permit purchase contract (EPPC), and emission
violation contract (EVC), etc. The model might be applied for a digital twin concept.
Algorithm in STRICTs provide the possibility of automated carbon emission auditing and
carbon emission violation punishment. Lu et al. (2022) used different types of vehicle
data by technologies of internet of vehicles (IoV) such as onboard diagnostic (OBD)
connectors. And the collected data will be recorded in a distributed ledge (blockchain)
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reliably. It acts as a decentralized enforcer (monitoring, reporting, and verification
(MRV)) which enables carbon permit trading reliably and transparently. The
decentralised enforcer includes smart contracts such as emission cap registration
contract (ECRC), emission permit purchase contract (EPPC), and emission violation
contract (EVC), etc. They tested the practicality of STRICTs busing CO2 emission from
vehicle dataset.

 Approaches that can evaluate energy consumption and possibly carbon footprint for
generic consensus mechanisms of blockchain (Sedlmeir et al., 2020) and for a private
blockchain design (Jabbar and Dani, 2020).

 An optimization algorithm that can be used for decision-making procedure of emission
abatement level in a dual-channel supply chain (Xu et al., 2021). Xu et al. (2021)
analysed coordination of a supply chain including a manufacturer and a retailer. Selling
approach through retailor and online platform has been considered for adopting a green
technology in the blockchain era. They used optimization algorithm for decision-making
for adopting an emission abatement level in a dual-channel supply chain. They also,
evaluate the profit margin over each actor and the coordinated supply chain. The results
show that: using blockchain technology benefits manufacturer and the platform (not
retailer), both centralized and decentralized supply chain coordination can help the
products become ‘greener’ under different circumstances, blockchain can help the
products become greener and more profitable for manufacturer and platform (not for
retailer).
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Empirical studies discussed blockchain technology in supply chain
and logistics
According to Choi and Siqin (2022), the empirical research are conducted by both qualitative
methodologies (such as focus group, case study, in-depth case study, interviews, ground
theory) and quantitative methodologies (such as survey, Delphi survey, statistics, ANP,
DEMATEL, case study) for analysing the blockchain adoption and barriers, smart contracting,
logistics, etc. The following ideas, techniques, and methods might be suggested for
quantifying the impact of blockchain technology on supply chain and logistics based on
literature review of empirical studies:
 Key parameters can be identified for blockchain adoption considering environmental

aspects in freight logistics industry based on a built technology-organization-
environment (TOE) framework (Orji et al., 2020, Kouhizadeh et al., 2021). Orji et al.
(2020) conducted a study on blockchain adoption in freight logistics industry based on
their own built technology-organization-environment (TOE) framework. The framework
considers the critical factors in block chain adoption in this industry. A multi-criteria
decision-making analysis (analytic network process (ANP)) was applied to prioritize these
factors based on the surveys collected from 15 managers in this industry. ANP can be
suitable for complex relationship of decision levels which cannot be easily distinguished
based on their higher or lower, dominant or subordinate, direct or indirect status. The
results show that the availability of specific blockchain tools, infrastructural facility, and
government policy and support are the top significant factors in blockchain adoption in
freight logistics industry. Kouhizadeh et al. (2021) also explored the blockchain adoption
in supply chain sustainability via using a framework including technology-organization-
environment (TOE) and force field theory. They used academic and experts’ inputs
(questionnaire) for analysing the framework by decision making trial and evaluation
laboratory (DEMATEL) tool. DEMATEL seems to be useful for evaluation of complex
interrelationships among variables and classified them into cause-and-effect clusters. It
also utilizes pairwise comparisons and visualize the relationships (direct or indirect)
amongst the factors. The model discusses the interrelationship between different
barriers of blockchain adoption in supply chain sustainability under classification of
technology, organizational, environmental (supply chain and external view) context.

 Important parameters can be prioritize for blockchain adoption and different layers (i.e.,
circular economy) in supply chain management based on results of other research such
as Kouhizadeh et al. (2020).

 A simulation approach can be applied for cloud manufacturing (CM) and ubiquitous
manufacturing (UM) with  details of consensus mechanism, efficiency measurement of
platform, and communication protocol in a cyber-physical system (CPS) and ABM
(Vatankhah Barenji et al., 2020).

 A simulation approach that can evaluate smart contract simulation, operational cost of a
blockchain-based platform by focusing on Ethereum and buyer-supplier transactions
(i.e., purchase product, order history, and sell product) (Jabbar and Dani, 2020).
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 A similar approach used by Martinez et al. (2019) to evaluate the impact of adopting
blockchain in supply chain in different horizons (scenarios) of blockchain adoption
analysis by using simulation tools for blockchain adoption.

 A similar approach used by Tian et al. (2021) for customer delivery satisfaction analysis
in logistics service performance. Tian et al. (2021) proposed a blockchain-based
evaluation framework for customer delivery satisfaction analysis in a sustainable urban
logistics (focusing mainly on social sustainability). A machine learning algorithm of long
short-term memory (LSTM), including two steps of learning and application phases, is
applied to forecast the customer satisfaction in future. The customer delivery satisfaction
is evaluated based on four identified indicators of cargo damage rate, on-time delivery
rate, cost performance, and information transparency. These indicators have been
weighted and scored through fuzzy analytic hierarchy process (FAHP) technique as a
common multi-objective decision-making method based on a supply chain including one
supplier, one third-party logistics enterprise, and some retailer in food materials logistics.
A smart contract (including compensation and refund functions) was designed and
analysed based on the gas utilization (a unit for cost evaluation of transactions in
blockchain) for the simulation procedure. They claimed that this framework can help
government and banks through an automated evaluation of customer satisfaction
(focusing on social sustainability) to make better decisions in sustainable urban logistics
developments.
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