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ABSTRACT. Railway is the most sustainable mode of transportation in comparison to
aviation, waterways, Roadways and is efficiently achieving the energy benchmarks in operations
of rolling stocks and railway infrastructure by usage of renewable energy and energy
optimization. The push for sustainable transportation is intensifying pressure and increasing the
demand of construction of more number of railway track systems and associated infrastructure.
This is shifting the focus gradually to the carbon footprint of railway infrastructure production,
maintenance and disposal at every lifecycle stage, which is often neglected even though it
constitutes huge quantity of Steel which is a high carbon emitter. Steel has highest recyclability
potential, hence it should be comprehensively evaluated to maximize the benefits of CE.
Integration of LCA and CE can provide holistic solutions to optimally and dynamically use
recycle steel in a closed loop in the railway industry by minimizing waste generation. Peer
reviewed Electronic database: Science direct database is accessed to extract last 6 years, 2020-
2025 research Articles to understand the current state of knowledge, identify current research
trends in Circular economy which have recently gained momentum in Railway Infrastructure.
Studies before 2019 treated LCA and CE separately but now there is a strong need to analyses
and adopt a circular material flow. The central finding and area for improvement is the missing
integrated and quantified evaluation of LCA and CE for railway infrastructure. While steel
recycling offers significant benefits, the current academic and industry analysis is fragmented
and lacks comprehensive metrics. The LCA evaluations of steel majorly account for railway
tracks, train cars and tunnel excluding many other components that use steel as a raw material
for their production. CE strategies are applied to a theoretical extend to explore the reusability of
steel. An integrated and quantified evaluation of LCA and CE is missing. Hence there is a strong
need for an integrated quantified analytical LCA and CE framework with combined quantified
metric and indicators customized for recycled steel as an inventory for evaluation.

KEYWORDS: Steel Recyclability, Railway infrastructure, Steel Scrap, Integrated
LCA-CE
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1 INTRODUCTION

As per the European Commission, Transportation is one of the influencing sector ac-
counting for 24% of total Global carbon emissions. The railway sector, though consid-
ered the greenest transportation mode, faces intensifying pressure to reduce its overall
carbon footprint, particularly the often neglected emissions associated with infrastruc-
ture production, maintenance, and disposal. This infrastructure relies heavily on steel,
a high carbon emitter [1]. Figure 1, is showing that the Road transportation sector emits
74.5% of carbon emissions followed by the aviation and the shipping mode. Railways
emit least carbon in comparison to all. Hence railway infrastructure is in more demand
leading to laying and construction of more railway tracks, railway stations, tunnels,
bridges etc., but this leads to usage of high carbon concentrated material like concrete
and steel.

The upfront cost of recycled steel might be slightly higher than virgin steel in pro-
duction, but the overall project cost is lower. Researches show that recycled steel pro-
duction cost is approximately 8-10% cheaper than virgin steel. The transition to recy-
cled steel is essential, offering immense environmental gains. The American Iron and
Steel institute (AISI) states usage of recycling steel can save energy that can power
about 18 million residential units for a year. The EuRIC- European Recycling Industries
Confederation states that by using recycled steel we can reduce CO; emissions by 58%
against virgin steel production case. Further-more the recycled steel industry saves ap-
proximately 72% of energy (4617 Kwh/ton) that is required for virgin steel production.
Recycling steel produces less CO,, SO, and NOy, reduces air and water pollution by
86% and 76% respectively. It conserves water by 86%, that is utilized in steel produc-
tion. Natural resources are conserved by reducing the need for mining and extraction.
Every one ton of steel scrap made into new steel save 1370kg iron ore, 780 kg coal and
270 kg lime stone [2] Figure 2 shows region wise production of steel in million tons.
Asian and Oceanic regions are the highest steel producer as per the January- June
(2024) data from credible authorities. European Union and America produce less crude
steel due to usage of more of recycled steel as a primary raw material in the construction
industry.
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Fig. 1. Global Carbon emissions from Transportation (Source: https://ourworldindata.org/CO2-
emissions-from-transport)
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Fig. 2. World Crude Steel Production, Jan-June 2024, Million tons (Source:
https://www.bir.org/en/members-area/world-mirrors/mirrors-ferrous/1000035987-
world-steel-recycling-in-figures-january-june-2024-update)

1.1  History of Railways

Wooden railways appeared first in Great Britain, but it was soon replaced by overlaying
it with cast iron because the depth of the wooden railways reduced in depth and break
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before it was worn through. Cast-iron, wrought iron rails were subsequently imple-
mented in 1738 & 1805 but they fell short in length, unevenness, brittleness and low
hardness, had a large slag content that tended to wear quickly. By 1905 mass manufac-
ture of steel was done for rails though original implementation of a steel rail done in
UK in 1857 with a disruptive technology of low carbon manganese pearlitic alloy re-
placing the cast iron or wrought iron rails. This lead to making of longer length Rails
could be made in longer and minimizing the number of joints required.[3] [4]

1.2 Circular Economy and Life Cycle Assessment

In circular economy, material is kept in a loop through the processes like reuse, mainte-
nance, refurbish, repurpose and recycling. This addresses the climate change, waste
pollution, biodiversity loss. Europe adopted the “European Green Deal” in 2019, a new
resource-decoupled growth strategy consisting of several blocks, one of them being “A
new Circular Economy Action Plan (CEAP)”. defining seven value chains where the
transition to the CE is crucial strategy to be applied to the construction industry as it is
one of the main resource intensive sectors, consuming more than 50% of extracted nat-
ural resources. Ellen MacArthur Foundation, proposes 9R strategies of CE to designing
out waste and pollution, keeping products and materials in use, and regenerating natural
systems. [5] refer to Table 1.

Life Cycle Assessment, LCA is a scientific evaluation of the scoped lifecycle stages
of a material, energy and water consumption in a project to compare it with efficient
alternatives and also assess the environment performance and impacts. Circular econ-
omy and LCA, both are fundamental approaches of sustainable development and they
both can complement each other to aiding in a holistic approach. Though the LCA stud-
ies provide the information of the impact at certain time period but if the extended time
period is considered there is a possibility of combining the principles of the circular
economy with LCA methodologies. This can aid in dynamic comparison of the circular
strategies and their environmental impacts and also help optimize the closed loop of the
circular economy. Hence there is a fair scope of integrating LCA with CE principles
and quantification in the rail industry to systematically evaluate the environmental per-
formance of infrastructure and components, compare sustainable alternatives and recy-
clability of the materials used in the Railway infrastructure. While LCA assesses envi-
ronmental impacts and CE focuses on material looping. This research systematically
reviews literature to emphasize on the need for the necessary framework for integrating
LCA and CE principles to provide a quantified base for policy decisions on recycled
steel use in the railway industry since an integrated and quantified evaluation of these
strategies is missing.

The main objective of this study is as following:

1) Identify the nature of research articles that evaluate the LCA and Life cycle
stages of Recycled steel in railway infrastructure to analyze the extent of work
done in terms of quantitative and qualitative evaluation.
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2) Identify the studies that explore the circularity of recycled steel in railway in-
frastructure in a closed loop to identify their direct and indirect use and linkages

to R-s of circularity.
3) Identify the research articles that study the integration of LCA and CE in Rail-

way Infrastructure.

Table 1. Circular Economy & Nine “R-s”

Circular Strategies R-s Description
Economy
RO - Re- Make the product redundant by
fuse abandoning its function or using
Smarter prod- some other alternative product with
uct use and manu- less environment impact
facture RI-Re- Make the product usage more
think intensive (Product sharing)
R2- Re- Increase efficiency in product
duce manufacturing by consumption
fewer natural resources
R3- Reuse Reuse another consumer or dis-

carded product (good condition)
Extend lifecy- and fulfil the original function
cle of the product R4- Repair Repair and maintain the defec-
and its parts tive product so that it can be used
for the original purpose

RS- Refur- Restore the Old Product
bish
R6- Re- Use parts of the discarded prod-

manufacture uct and use in new product assem-
bly for the product with same func-

tion

R7- Repur- Use parts of the discarded prod-

pose uct and use in new product assem-

Useful Material bly for the product with different

Application function
R8- Recy- Process the material to obtain
cle the same material high or low
grade quality
Linear Econ- R9- Re- Incineration of the material us-
omy cover ing energy recovery
2 METHOD

A systematic screening process was carried out by exploring the peer reviewed elec-
tronic data base: Science direct. Latest government official documents on Crude steel
production and recycled steel were extracted to understand the current statistics of steel
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globally in terms of production, consumption export and import. Refer Figure 3. Re-
search Articles were accessed to search for (1) latest research paper addressing LCA
and CE strategies applied to Railways Infrastructure and (2) Integration of LCA and
CE. Additionally, reports on Steel and steel scrap policies at national and international
level were also extracted to understand the current state of crude steel production and
recyclability statistics region wise and country wise. Policies addressing the CE of steel
recyclability were reviewed to identify the implementation and challenges.

2.1 Screening Level 1: Criteria for Inclusion and Exclusion, Selection, data
cleaning & Extraction

Electronic databases Science direct was prioritized due to its comprehensive collection
of peer reviewed scholarly literature, analytical downloading tools. The inclusion cri-
teria were very specific, namely: (1) Time span (2) Research Articles (3) English Arti-
cles only (4) No geographical limitations (5) Key words were specific to the material
steel, LCA and CE for Railway infrastructure. The time period for search spanned was
set from 2020 to 2026 to identify the recent advancements and research gaps. The time
period has been chosen as recent five years because the sustainable concepts like LCA
and CE evolve rapidly with new international standards (ISO updates, EU directives,
UNEP guidelines). The chosen timeline helps to understand the current state of
knowledge, identify current research trends in Circular economy which have recently
gained momentum in Railway Infrastructure. Studies before 2019 treated LCA and CE
separately, but now there is a strong need to analyses and adopt a circular material flow.
The possible keywords used in this study were divided into four parts: (1) Sustainable
LCA, CE, Carbon emission evaluation, Reuse, recycle (2) Railway steel, steel scrap,
Crude steel and recycled steel, steel sleepers (3) Construction sector: Railway infra-
structure, Railways, railway tracks and (4) Integration of two approaches: LCA and CE.
2053 research articles were listed out by the database, but post screening of Title and
Keywords and abstract, “66” records were found directly or indirectly relevant to the
topic. Figure 3

2.2 Screening Level 2: Screening for Eligibility

The screened articles were read in depth to find a direct relation of the content with the
research intent. At the end, 12 papers were selected for complete text analysis. The
geographical distribution of the research articles was spread out on the globe as shown
in the Figure 3.
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CRITERIA : Inclusion and Exclusion, Selection, data cleaning & Extraction
2053 Research Articles listed out

Major Kevwords Keywords Strings

: [ Life Cycle Assessment ] r(1) LCA, CE, Carbon emissions

Le1.-'aluat1on . Reuse, recycle

I I Circular economy

| r{2) Railway steel, steel scrap, Crude |
| [ Railway steel ] | steel & recvcled steel, steel sleepers
I > l
I I Steel scrap (3) Railway infrastructure,

| Railways, railway tracks

- ™)

- 4} Integration of two approaches:
: [Integratlon of LCA & CE] INQ geograph_[call { ) gfLCA and CE. PPt

I himitations | *

e o - o oo T o e — —l
SCREENING LEVEL 1: Identification: Title and Keywords and Abstract
“667 records directly or indirectly relevant
SCREENING LEVEL 2: Eligibility: Full Text Analysis
“12” records directly relevant
Fig. 3. Research Process (Source: Author)
3 Results

European Union is the largest consumer, producer and exporter of Recycled steel
due to its commitment to circular economy which creates a domestic demand for recy-
cled steel as a primary raw material along with established recycling infrastructure and
supply chain following global standards for energy efficiency and environmental per-
formance. Turkey is the largest importer of steel scrap from EU, followed by India.
Table 2. The need for sustainable transportation is compelling the railway sector to
further reduce the environmental impacts while meeting the increasing demands of in-
frastructure. Hence, it is the need of the hour to adopt calculated Circular economy
measures by recycling steel as it is one of the most used and energy intensive materials
in the railway infrastructure. This would aid in significant reduction of CO; emissions.

Table 2. Recycled Steel Statistics

Key Countries Recycled Crude Steel Recycled Recycled
Steel Con- Production Steel imported  Steel Exporter
sumption

Jan-June 2024, Million tones

EU-27 43.6 67.224 1.997 7.359

USA 27.6 39.96 2.082 7.197
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India 17.8 74.184 3.881 -
Japan 16.031 42.698 - 3.195
Turkey 15.708 18.614 9.885 -
South Korea 11.895 31.52 1.123 -
Vietnam - - 2.642 -
Taiwan - - 1.592 -
Mexico - - 1.210 0.551
Pakistan - - 1.103 -
UK - - - 3.003
Canada - - - 2.191
Australia - - - 1.285
Hong Kong - - - 0.587
Singapore - - - 0.424

Created with mepehart net

Fig. 4. Geographical distribution of the Research Articles Globally (Source: https://www.map-
chart.net/world.html)

3.1 Reports & Policies:

National Report on Indian Railways status that approximately ten lakh tones of metallic
scrap valued more than Rs.1500 crore every year. Worn out track material including
rail tracks and it associated components, train cars etc., generated on the Railways are
collected at convenient unplanned locations and disposed of through auction / tender
sales. Railway never had an organized and efficient system in place for physical recov-
ery of the redundant material. Leading to a huge gap of 14367 MT (value Rs.22.75
crore) in the actual and the estimated quantity of material scrap. Major discrepancies
were noticed in the South East Central Railway block (Rs.1.74 crore) followed by South
Eastern (Rs.3.17 crore), Southern (Rs.0.86 crore) and Central (Rs.0.82 crore) Railways.
The reasons for discrepancies were documented only in South East Central Railway
and that was non-availability of ‘weighing machine’. Situations arise when the railways
also face disposal scenario. It was documented that more than 180000 MT of steel scrap
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(rails, ferrous and non-ferrous), and approximately 600 count of rolling stock
(Rs.298.05 crore) were facing disposal issues. Management inefficiency and workforce
in sufficiency aggravated the disposal matter resulting in a non-realization/delayed re-
alization of sale value affecting the price projected. [6] Material logistics: White moor
recycling facility (French): track panels, sleepers, rails, small steel components and
switches and crossings units/day and 40 to 50 wagons/week. [5] The use of steel scrap
saves 75% of the energy it takes to manufacture steel from virgin iron ore, according to
Material Recycling Association of India.[7]

3.2 Components of Railways using Steel extensively

Rail, Sleepers & Railroad ties, Fastenings (Screw bolt/Rail clip, bearing plate), Ballast,
Wheels & Axles, Rail bridges, Rolling Stock- coaches, wagons, toilets, and washbasins,
Station structures- buildings, platforms, canopies & other structures, Overhead catenary
systems, Tunnels, Maintenance equipment. The components of the Railway infrastruc-
ture and rolling stock have been listed down in literature under much broader categories
theoretically without a quantified, precise evaluation of energy flow in a closed loop in
their Life Cycle stages [8], [9] The countries carrying out this kind of research are Iran,
United Kingdom, China, Spain, Italy.

INFRA/INTERIORS TRAIN CAR SHELL TUNNEL

Fig. 5. Railway components using steel extensively (Source: Indian Stainless Steel Develop-
ment Association, Some Initiatives, Success Stories & Plans, 2014, https://www.stain-
lessindia.org/uploadpdf/issf-rome-meet-issda.pdf)
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3.3 Life cycle Stage and CE targeted R’s

The articles that were identified from science direct that listed out the life cycle stages
and the linked Circular Economy R-s of recycled steel with their direct and indirect
uses were found to be fragmented. An attempt has been made to categorize them to-
gether to understand the extend of research work that has been done in this domain.
Table 3 presents a fair idea of the Life cycle stages and associated R-s of CE with direct
and indirect uses of recycled steel at every stage to maintain a material flow in a closed
loop.

Table 3. Life cycle stages of Steel and their targeted CE Usage in Railway Infrastructure

Component/ Steel Quantity utilized in Manufacturing: [9] [8]

1. Rail / Rail steel (97%) Quality steel (3%)

Life cycle Stage / Use (Direct (D) / Indirect (ID))

CE targeted R’s

Maintenance/ (D) Reutilization of rails on low-frequency lines, or sidings
Reuse, Repair, Refurbish, and areas with low speed

Remanufacture

EOL/ (D) Dead-end railway structure

Repurpose (D) Use as guard rails at level crossing

(D) Use as closure rails for welding
(D) Use for soil nailing & reinforcement to improve ground

stability
(D) Use as rail fence: fence posts, signal lights, bullhead
gates.
(D) Use as cantilevered foot path across a bridge

EOL/ (ID) Use as drainage gullies

Repurpose, (ID) Use as benches in garden

Recycle (ID) Rolled rods from scrap rail heads
(ID) Beams and cantilevers in buildings

EOL/ (ID) Raw materials for secondary steel

Recycle (ID) Rolling into products like reinforcing bar, steel mesh,
wires

EOL/ (ID) Making galvanized steel

Refuse, Reduce, Recycle

2. Sleepers & Railroad ties / Reinforcing steel (2%), rebar steel

EOL/ (D) Using double block sleepers as pillars in construction in-
Repurpose dustry
(D) Cut sleepers in half to use as miniature railways
(D) Use as Cattle tracks
(D) Use for soil nailing and reinforcement to improve ground
stability
3.Fastenings
3.1: Screw bolt, Rail clip / quality structural steel (55%),
EOL/ (D) Making galvanized-steel rail screw bolt/spike
Recycle
Maintenance / (D) Use on secondary railway tracks

Reuse, Repair, Refurbish

3.2: Bearing plate/ Quality structural steel (55%),
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Maintenance/
Reuse, Repair,

Refurbish

(D) Use on secondary railway tracks

4. Ballast / Steel Slag

Planning, Maintenance, EOL

(D) Substitution of ballast material with steel slag as second-

/ Refute, Reduce, Recycle ary aggregate
5. Train Car
EOL / Reuse, Repair, Refur- (D) Bogies and wheelsets
bish
3.4  Research articles on LCA and CE (Standalone and integrated)

The eligible research articles were studied thoroughly to analyze the text and identify
the objectives, method of the study, inventory analysis and analyze the findings. Out of
12 articles, 9 were dedicated to LCA, where mostly the methodology was quantitative
and the inventory in focus was steel. 3 Articles were found that integrated LCA and CE
and were qualitative in nature. Table 4

Table 4. Research Articles @ Science direct electronic database

Brazil

Paper Aim Objective Methodology Findings

Title
Research Articles on LCA of Railways
Life cycle as- | Evaluate envi- | Conduct Quantitative: LCA us- | Ballasted tracks
sessment of a | ronmental im- | LCA - bal- | ing the ReCiPe (H) | showed lowest
railway pact of rail- | last, cast-in | method environmental
tracks  sub- | way track sub- | sleeper and | Inventory Considered | impact and ballast
structures: structures embedded : Rail track- Ballasted | less track beds
Comparison track  sys- | and embedded caused highest en-
of ballast and tems vironmental im-
ballast less pacts, regardless
rail of service life.
tracks.[11] Highest contribu-
Spain tor on environ-

mental impacts -
steel production.

2.Environ- Present s Used mate- | Quantitative: LCA Bituminous mate-
mental per- | comprehen- rial values methodology - ISO rial had highest
formance sive LCA of sub-bal- | Standards 14040 & global warming
analysis  of | method to an- | last compo- | 14044 effects.
railway in- | alyse RI & sition Inventory Considered
frastructure GWP impact - Rail track- Sub Bal-
using  LCA: lasted Rail track
Selecting
pavement
projects
based on
GWPL [12]
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3.Life cycle | Determine the | Compre- Quantitative: LCA The electricity
assessment environmental | hensive methodology - ISO supply mix con-
of rail freight | impact ofrail | study of the | Standards 14040 & tributes signifi-
transport freight Belgian 14044 cantly to the envi-
in Belgium. transport in railway net- ronmental perfor-
[13] Belgium us- work mance of electric
EU ing LCA trains.
methodology
4.Develop- Presents new | Develop a Quantitative: LCA Recycled PP sce-
ing Frame- substructure model to methodology - ISO nario causes the
work for design having | evaluate re- | Standards 14040 & lowest environ-
LCA of recycled Poly- | source use 14044 mental impact for
Green Trans- | propylene & environ- a service life of
portation In- | (PP) layer & | mental ef- Inventory Considered: | 100 years
frastructure compare sce- | fects of var- | substructure of Rail
(Railway and | narios using | ious use track —Ballast having
Super pave- | virgin PP and | scenarios recycled Polypropyl-
ments), [14] | conventional ene (PP) & virgin PP
Germany ballast.
5.A life cycle | Assess main Conduct a Quantitative: LCA Major contribu-
model  for | environmental | component- | methodology - ISO tions to environ-
high-speed impacts of based LCA | Standards 14040 & mental impact are
rail infra- | HSR infra- with reusa- | 14044 Rails  (10-71%),
structure: en- | structure to ble LCIs Roadbed (3-
vironmental | determine en- | for HSR in- | Inventory Considered: | 48%), and Civil
inventories vironmental frastructure | Rails Rolling stock, engineering struc-
and assess- | hotpots and components | Rail tracks, Civil tures (4-28%).
ment of the | good prac- Structure, EOL including
Tours-Bor- tices. recycling is a pre-
deaux rail- ferred approach,
way in with global posi-
France. [15] tive impact (-9 to
France -98%)
6.Life Cycle | Investigates Study anal- | Quantitative: LCA There is environ-
Assessment different su- yses all LC | methodology - ISO mental reduction
of High-Per- | perstructures stages (Al— | Standards 14040 & potential, in Use
formance with LCAon | C4) & vali- | 14044 Stage this encour-
Railway In- | emerging dates differ- | Tnventory Considered: | age Repurposing
frastructure, | high-perfor- ent effects superstructures in or refurbishing by
Analysis of | mance infra- of service and tunnel maintenance ef-
Superstruc- structure at lifetimes fort and the re-

tures in Tun-
nels and on
Open Tracks.
[16]

Austria

the Brenner
Base Tunnel
(BBT).

placement activi-
ties
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7.C2C, LCA
of  railway
prestressed
concrete
sleepers: A
state-of-the-
art review &

The study
does “cradle-
to-cradle”
LCA of pre-
stressed con-
crete railway
sleepers, to

Quantitative: LCA -
EN 15804:2012 +
A2:2019,
(production, installa-
tion, use, mainte-
nance, dismantling,
reuse, recovery, recy-

Product stage
contributes 79 %
of total EI:

cement (50 %)
Steel (49 %).
Recycling mate-
rials is suggested

strategies for | quantify & cling) as it Reduces:

reducing EI | mitigate its , 18%  reduction

[17] environmental Inventory Considered: | GHG emissions,

Italy impacts. concrete sleepers 30% non-RE re-
source consump-
tion,

50 % ODP.
8.Environ- LCA studies Explore en- | Quantitative: LCA Both lightweight
mental life- | on light- vironmental | methodology - ISO train components
cycle perfor- | weight, suitability Standards 14040 & were concluded
mance of al- | waste-based of two alter- | 14044 to potentially out-
ternative train compo- native - perform their

. - Inventory Considered: .
pieces  for | nents. pieces conventional
trains based for trains - 2 components of counterparts un-
Train car: Car body
on the use of based on & Runnine G der the whole set
recycled car- the use of unning ear of assessed indi-
bon  fibre. CFRP (car- cators.
[18] bon-fibre-
Spain reinforced
polymers)
from
rCF(recy-
cled carbon
fibre (rCF)
Research Articles on Integration of Circular Economy and LCA

9. Advancing | Explore the Conducted | Qualitative: SLR Steel in rails and

railway sus- | application of | a SLR on 2007 to 2024 fasteners show

tainabil_ity:' CE prinqiples develop- Tnventory Considered: high recyclability,

Strategic in- | to the critical | ment of Rail Track other components
: L ail Tracks

tegration of | components sustainabil- such as sleepers

circular of ballasted ity, net zero and ballast offer

economy tracks. initiatives potential for re-

principles in and CE purposing and re-

ballasted principles cycling

track  sys- in ballasted

tems. track

[16]

UK, China,

Iran

10. Circular | Aim was to Examine Qualitative EOL | Digital technolo-

Economy analyse the application | stage gies integrated in
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Applications | CE principles | of 10R,CE Inventory Considered: | GIS and BIM
in Railway | applicability principles Rail Tracks supporting digital
Infrastruc- on Railway on all com- twin systems for
ture: A Com- | tracks for all ponents of promotion of CE
prehensive life stages sub & super in railway tracks
Evidence- structure -
Based Re- ballasted &
view ballast less
[17] railway
UK, China, tracks,
Iran
11.Trends Developed a Framework | Qualitative: Literature | LCA and circu-
and  Chal- | Comprehen- on trends Review larity metrics are
lenges in | sive frame- and chal- effective & indis-
Railway Sus- | work of lenges was pensable tools in
tainability: trends & chal- | developed decision-making
The State of | lenges in rail- | on track & process, as they
the Art re- | way sustaina- | associated help to quantify
garding bility materials & potential environ-
Measures, compo- mental enhance-
Strategies, nents, ment of different
and Assess- mainte- materials & solu-
ment Tools. nance strat- tions
[18] egies, &

methods of
Italy assessment

of sustaina-

bility

3.5 Environmental and economic benefits of Integrating LCA and CE for

recycled steel in railway infrastructure.

Environmental benefits

e A comprehensive LCA evaluation of recycled steel as an inventory to be calculated
helps identify and minimize emissions, energy use, and resource depletion every life
cycle stage of recycled steel from production to end-of-life and the CE principles
promote reuse of recycled steel, reducing the need for virgin material and lowering

environmental degradation.

o Integration of LCA and CE identifies the stages with highest emissions and enables
design strategies to reduce them, contributing to Sustainable development goals.

® A systematically quantified and categorized LCA and CE integrated framework spe-
cifically customized for recycled steel supports long-term sustainability assess-
ments, guiding eco-friendly rail design and maintenance decisions.

Economic benefits

e A quantified LCA and CE helps in evaluating return on investment, supporting evi-
dence-based decision-making for stakeholder and helps make informed Investment
and Policy Decisions.
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o Circular approaches build more resilient supply chains and create value from waste
streams, promoting local economic growth. This in turn leads to enhanced economic
Resilience.

o Integration of LCA and CE supports predictive maintenance and modular design,
which reduces long-term operational costs.

e CE reduces dependence on raw material imports, insulating projects from market
volatility and price shocks and Support for Green Investments and Incentives

4 Discussions

The LCA Studies listed in Table 4, are handful of studies that are quantitative in nature
using LCA methodology - ISO Standards 14040 & 14044, focusing on Railway Track
systems in system inventory followed by Pavements, railcar and Superstructure. No
study considers a complete comprehensive listing of all the components using recycled
steel. There is a strong need for a combined quantified analytical LCA and CE frame-
work with combined quantified metric and indicators. The scope and boundary condi-
tions need to be broadened to include maximum steel components for LCA over an
extended period to be evaluate the impacts of recyclability of steel on the environment
performance. The studies considering the integration of LCA and CE in Table 4, are
very limited and qualitative in nature. The studies are concentrated in Italy, Spain, Iran,
brazil, china, United Kingdom, Austria, France. A comprehensive literature review in-
cluding other peer reviewed databases with similar and alternative keywords can be
done to extract other relevant articles. This would also carve path for development of a
systematic supply chain for recycled steel as a primary raw material and also lead to
sprouting of associated businesses and enhance the employment scenario. This would
directly address the United nations SDG’s namely:

1. SDG 6.0: Clean Water and Sanitation.

Improve water quality by reducing pollution and efficient use of water. Recycling
steel produces less CO», SO, and NOy, reducing water pollution by 76%, reduce need
for mining activity for iron ore means less contamination of ponds., using innovative
technology like Electric Arc Furnace (EAF) for recycling steel uses 60—90% less water
than the Blast Furnace—Basic Oxygen Furnace (BF—BOF) route.

2. SDG 8.0: Decent Work and Economic Growth.

Promote Development-Oriented Policies that Support Productive Activities and
Decent Job Creation. Promotes small- and medium-sized enterprises (SMEs) and job
creation, provides local employment opportunities in scrap collection, sorting, logistics,
and plant operations. It Improves Resource Efficiency because Recycling steel saves
up to 75% of energy and reduces CO: emissions by 58—70% compared to primary
steelmaking

3. SDG 9.0: Industry, innovation, and infrastructure,
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Enhance scientific research and technological capabilities like Digitalized process
control (AI/ML in scrap characterization).

4. SDG 10.0: Sustainable cities and communities: Reduced Inequalities

Reduce income inequalities by creating work opportunities for lower-income and
informal workers in the scrap value chain.

5. SDG 12.0: Responsible consumption and production

Recycling steel conserves nonrenewable natural resource and Using scrap as feed-
stock lowers the primary embodied energy of the material. It reduces waste generation
and encourages companies to adopt sustainable practices.

6. SDG 13.0: Climate action

Use of recycled steel aligns with the climate change policies by offering a carbon-
efficient industrial pathway and achieve targets that align with the Paris agreement.

7. SDG 17.0: Partnership for Goals

Strengthens Cross-border cooperation for innovation and knowledge transfer of re-
cycle steel making, strengthens circular economy governance at international level

5 Conclusion

Ferrous scrap is a promising solution to Indian steelmakers in minimizing the sector’s
emission intensity. Increased usage of ferrous scrap as a feedstock in crude steel pro-
duction will be crucial in pulling off the balancing act required to meet expected steel
demand by large infrastructure investments and India’s 2070 net-zero target. The gov-
ernment announced the Steel Scrap Recycling Policy in 2019 to ensure availability of
quality scrap for use in Electric Arc Furnace (EAFs). Ferrous scrap markets are cur-
rently at the early stages, with the ferrous scrap imports increasing year on year in the
Indian Market. A quantified analysis of LCA and CE would also require a clear in-
volvement of the feedstock energy values, their production and transportation values.
This analysis has the capacity to provide insightful solutions w.r.t to setting clear
boundary and scope conditions that become a standard and a customized template for
LCA & CE analysis of the energy intensive materials. It can be used a literature that
give policy makers a quantified base to address the short- and long-term challenges in
adoption of Recycled steel as a primary raw material for major infrastructures

6 List of Abbreviations

LCA Life Cycle Assessment
CE Circular Economy
SDGs Sustainable Development Goals
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EAF Electric Arc Furnace

BF-BOF Blast Furnace—Basic Oxygen Furnace

Al Artificial Intelligence

ML Machine Learning

EI Environment Impact

D Direct

ID Indirect

LCIs Life Cycle Inventories

HSR High Speed Railways

CEAP Circular Economy Action Plan

EOL End of Life

AISI American Iron and Steel institute

Eu-RIC European Recycling Industries Confederation
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