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Presenter Notes
Presentation Notes
Hello, and welcome to Lecture 4 of this Massive Open Online Course on ‘Resilience, Sustainability & Digitalisation in Critical Infrastructure’ I am Dr Dan Bompa, a Chartered Engineer and academic at the University of Surrey, and I will introduce the material on ‘sustainability assessments’.

https://msca-recharged.eu/


Lecture 4 Outcomes

• Define sustainability in the context of infrastructure projects and explore sustainable and 

circular design principles in minimising resource consumption and waste generation.

• Understand the purpose, phases, parameters, and limitations of life-cycle assessments 

(LCA) in assessing the environmental impact of products and projects. 

• Undertake whole-life carbon emissions assessments for infrastructure assets and 

networks, and systems, adopt low-carbon solutions and manage carbon at all work 

stages.
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Presenter Notes
Presentation Notes
In this lecture, we will define sustainability, particularly within the context of infrastructure projects, and explore sustainable design principles aimed at reducing resource consumption and waste generation. We will examine the purpose, phases, parameters, and limitations of life-cycle assessments (LCA) as a tool for evaluating the environmental impacts of products and projects. Additionally, we will conduct whole-life carbon emissions assessments for infrastructure assets and networks, explore low-carbon solutions, and apply sustainability metrics in practical case studies to guide decision-making.
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ACTIVITY 1:  Introduction to sustainability and circularity

• Definition of sustainability in the context of infrastructure projects.

• Exploring the importance of sustainable design principles in minimising resource consumption and waste 

generation.

• Understanding how circularity contributes to the sustainability of infrastructure projects

Presenter Notes
Presentation Notes
In this activity, we will first define sustainability within the context of infrastructure projects. Then, we will explore the importance of sustainable design principles, focusing on how they help minimise resource consumption and waste generation. Finally, we will discuss the role of circularity in enhancing the sustainability of infrastructure projects.



Azote for Stockholm Resilience Centre, Stockholm University. Based on Richardson et al. 2023, Steffen et al. 2015, and Rockström et al. 2009

Planetary boundaries
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Presenter Notes
Presentation Notes
Planetary boundaries:Planetary boundaries define the safe operating space for humanity, representing the limits within which human activities should remain to avoid destabilizing Earth’s systems: 1. Climate Change, 2. Change in Biosphere Integrity3. Modification of Biogeochemical Flows,  4. Introduction of Novel Entities, 5. Land System Change, 6. Freshwater Change, 7. Stratospheric Ozone Depletion, 8. Ocean Acidification, 9. Increase in Atmospheric Aerosol LoadingUnfortunately, humanity has crossed several of these boundaries, including climate change, biodiversity loss, and biogeochemical flows, threatening the stability and resilience of our planet's life-support systems (Azote for Stockholm Resilience Centre, Stockholm University).The built environment is responsible for:8 % of global CO2 emissions from production of cement, and expected to grow by 12-23% by 2050 50% of the world steel production is used in construction (25% structural steel, 44% - reinforcement, 31% other elements) generating between 3.5 and 4.5% of direct emissions from the global use of fossil fuelthe steel requirements are expected to grow by at between 1.4-4% globally, reaching around 2.0 billion tonnes by 2035Thus, the humanity is in a climate emergency and action is needed to ensure that our built environment is sustainable. Before quantifying sustainability, let’s delve into a brief history of sustainability.Andrew RM. (2018) Global CO 2 emissions from cement production. Earth System Science Data. 2018;10(1):195.IEA (International Energy Agency) and WBCSD (World Business Council for Sustainable Development) (2018) Technology Roadmap – Low-Carbon Transition in the Cement Industry. OECD/International Energy Agency, France.van Audenaerde T (2017) Steel Demand Beyond 2030, Presented at OECD, Paris September 28, 2017 Available at: https://www.oecd.org/industry/ind/Item_4b_Accenture_Timothy_van_Audenaerde.pdf [accessed 25 Feb. 19]



Sustainability

the quality of being able to continue over a period of time:
• the long-term sustainability of the community

the quality of causing little or no damage to 
the environment and therefore able to continue for a long time:
• the company's commitment to environmental sustainability

What is sustainability?
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Presenter Notes
Presentation Notes
Sustainability refers to the ability to continue over time without causing significant environmental damage, a concept emphasised in the Brundtland Report over 30 years ago, preceding the UN Sustainable Development Goals.As per the Cambridge dictionary: the quality of being able to continue over a period of time: the long-term sustainability of the communitythe quality of causing little or no damage to the environment and therefore able to continue for a long time: the company's commitment to environmental sustainability



“Humanity has the ability to make development sustainable to 
ensure that it meets the needs of the present without 
compromising the ability of future generations to meet their 
own needs.”

Brundtland Report ‘Our common future’ (1987)
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Presenter Notes
Presentation Notes
Published in 1987 by the United Nations, Our Common Future—the Brundtland Report—advocated for multilateralism and the interdependence of nations, integrating environmental issues into the political agenda by framing environment and development as a unified challenge.> The Brundtland Commission's mandate was to: “Re-examine the critical issues of environment and development and to formulate innovative, concrete, and realistic action proposals to deal with them.



1. re-examine the critical issues of environment and 
development 
2. strengthen international cooperation on environment and 
development … can break out of existing patterns and influence 
policies …. 
3. and raise the level of understanding and commitment to 
action …

Brundtland Report ‘Our common future’ (1987)
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Presenter Notes
Presentation Notes
The Brundtland Commission's mandate was to:[1]1. “Re-examine the critical issues of environment and development and to formulate innovative, concrete, and realistic action proposals to deal with them;2. strengthen international cooperation on environment and development and to assess and propose new forms of cooperation that can break out of existing patterns and influence policies and events in the direction of needed change; 3. and raise the level of understanding and commitment to action on the part of individuals, voluntary organizations, businesses, institutes, and governments” (1987: 347). “The Commission focused its attention in the areas of population, food security, the loss of species and genetic resources, energy, industry, and human settlements - realizing that all of these are connected and cannot be treated in isolation one from another”



Measuring impact? (1987)
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SUSTAINABLE

PEOPLE

Social variables dealing with 
community, education, equity, 

social resources, health, 
wellbeing, and quality of life.

PLANET

Environmental variables 
relating to natural 

resources, water and air 
quality, energy 

conservation and land 
use

PROSPERITY

Economic variables 
dealing with the 

bottom line and cash 
flow

Bearable Equitable

Viable

Presenter Notes
Presentation Notes
The concept of the Triple Bottom Line (TBL) was first introduced by John Elkington in 1994. He formally articulated the idea in his 1997 book *Cannibals with Forks: The Triple Bottom Line of 21st Century Business*. The triple bottom line (TBL) is a framework or theory that recommends that companies commit to focus on social and environmental concerns just as they do on profits. The TBL posits that instead of one bottom line, there should be three: profit, people, and the planet. Implementing a Success Roadmap to support your organizations’ Global Goals strategy will positively influence your Triple Bottom Line. People (social), Planet (environmental), and Prosperity (economics) are the goals of sustainability.



Environment Economy

Society

Economy

Society

Environment

‘Weak’ sustainability ‘Strong’ sustainability
(Brundtland Report, 1987) (Giddings, 2002)

Sustainability models

Sustainable
Development
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Presenter Notes
Presentation Notes
The concept of 'weak' versus 'strong' sustainability pertains to differing views on how human activities should balance economic development and environmental protection. Weak sustainability allows for the substitution of natural capital with human-made capital. It suggests that as long as the overall stock of capital (natural plus human-made) remains constant or increases, economic growth can continue, even if natural resources are depleted or degraded.Strong sustainability, on the other hand, emphasises that natural capital should not be substituted by human-made capital. It posits that certain natural resources and ecological processes are irreplaceable and must be preserved for future generations, regardless of the potential for technological or economic advancements.In essence, weak sustainability focuses on maintaining the total capital stock, while strong sustainability insists on preserving the integrity and capacity of natural systems themselves.Socio-ecosystemic sustainability, rooted in the principles of strong sustainability, has evolved over the past 50 years, beginning with the Brundtland Report and progressing through the Millennium Development Goals (2000-2015) to the UN Sustainable Development Goals (SDGs) of 2015. This adaptive process recognizes that goals focused solely on economic growth are incompatible with the natural processes of the biosphere, as evidenced by thermodynamics and complex systems, and are also at odds with a functional society. The well-being of life on Earth necessitates a dialogue among individuals to ensure the integration of the three dimensions of socio-ecosystem sustainability.
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Presenter Notes
Presentation Notes
The concept of the quadruple bottom line (QBL) expands upon the traditional three pillars of sustainability—economic viability, environmental protection, and social equity—by adding a fourth dimension: cultural impacts. The Three Pillars of Sustainability: (a) economic viability – focuses on the financial performance and economic benefits of a design or project, ensuring that it is financially sustainable; (b) environmental protection - involves minimising ecological impact and conserving natural resources for future generations; (c) social equity - addresses issues of fairness, equity, and the well-being of communities affected by the project.A sustainable design ideally balances these three pillars, recognising that achieving perfection in all areas simultaneously is challenging. Effective design finds an optimal compromise where economic benefits contribute to social and environmental goals.Quadruple Bottom Line – Culture is an additional dimension stresses the importance of integrating cultural considerations into sustainable design. It highlights the need to respect and incorporate cultural values, heritage, and identity into projects, ensuring that cultural impacts are explicitly addressed and considered.When QBL is aligned, it is ensured that sustainability encompasses not only traditional pillars but also the cultural context, leading to more holistic and inclusive outcomes.



https://sdgs.un.org/goals

UN Sustainable Development Goals
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Presenter Notes
Presentation Notes
Following on to the tiple and then quadruple bottom line, the Sustainable Development Goals are the blueprint to achieve a better and more sustainable future for all. They address the global challenges we face, including those related to poverty, inequality, climate, environmental degradation, prosperity, and peace and justice. The United Nations Sustainable Development Goals (SDGs) aim to "end all forms of poverty, fight inequalities, and tackle climate change, while ensuring that no one is left behind." These 17 goals come with specific targets to be achieved by 2030, amounting to approximately 170 targets in total. The SDGs provide a universal framework essential for all sustainable designers, regardless of their specific field. The first 12 SDGs address distinct categories, while goals 13 through 17 build on and integrate elements from the previous goals. The interconnected nature of these goals is illustrated through various graphics, highlighting their interdependencies and collective impact.

https://sdgs.un.org/goals


Breaking down the UN SDGs

13

HUMAN RIGHTS

GOAL 5: Achieve gender 
equality and empower all 

women and girls

HUMAN AND NATURAL 
ENVIRONMENT

ECONOMIC
OPPURTUNITY/
EMPLOYMENT

HEALTH
GLOBAL 

PARTNERSHIPS*

GOAL 4: Ensure inclusive and 
equitable quality education and 

promote lifelong learning 
opportunities for all

GOAL 1: End poverty in all its 
forms everywhere

GOAL 8: Promote sustained, inclusive 
and sustainable economic growth, full 

and productive employment and decent 
work for all

GOAL 7: Ensure access to 
affordable, sustainable and 

modern energy for all

GOAL 9: Build resilient infrastructure, 
promote inclusive and sustainable 

industrialisation and foster innovation

GOAL 12: Ensure sustainable consumption and all 
production patterns

GOAL 14: Conserve and sustainably use the oceans, seas and 
marine resources for sustainable development

*GOAL 17: Strengthen the means of implementation and revitalise the global partnership for sustainable development

GOAL 10: Reduce inequality within 
and among countries

GOAL 16: Promote peaceful and inclusive societies for 
sustainable development, provide access to justice for 

all and build effective, accountable and inclusive 
institutions at all levels

GOAL 6: Ensure availability and sustainable 
management of water and sanitation for all

GOAL 2: End hunger, achieve food 
security and improved nutrition and 

promote sustainable agriculture

GOAL 3: Ensure healthy lives and 
promote wellbeing for all at all ages

GOAL 11: Make cities and human 
settlements inclusive, safe, resilient and 

sustainable

GOAL 13: Take urgent action to combat 
climate change and its impacts

GOAL 15: Protect, restore and promote sustainable use 
of terrestrial ecosystems, sustainably mange forests, 

combat desertification, and halt and reverse land 
degradation and halt biodiversity loss

Adapted from PYXERA Global (2015)

Presenter Notes
Presentation Notes
Building on the quadruple bottom line and describing in more detail the UN Sustainable Development Goals, PYXERA Global provides insights and frameworks for understanding and implementing the United Nations Sustainable Development Goals (SDGs). They focused on translating these goals into actionable strategies for businesses, non-profits, and governments, aiming to foster sustainable development through partnerships and collaborative efforts.I invite to pause the video and read all the goals and to which category they belong, as well as search online and watch the “The Sustainable Development Report 2023: Special Edition video” which provides an overview of global progress towards the SDGs, assessing achievements, challenges, and opportunities while highlighting recent impacts and future recommendations.
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Industrial ecology
Low Toxicity

Legitimising alternatives
Debunking product-based wellbeing
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Presenter Notes
Presentation Notes
What Kind of Innovation is Needed for Sustainability?When we think of innovation, technology often comes to mind, but this focus can limit creativity in sustainability. Consider innovation in business communication or social processes—areas that are often overlooked. Social Innovation embraces participatory, inclusive, and iterative community processes, addressing power dynamics and decentralisation. It empowers local assets and avoids sub-optimisation by designing the whole system, not just its parts.Perceptual Innovation challenges existing worldviews or "mental models," questioning why we accept certain behaviours as normal. By altering these paradigms, we can drive broader systemic changes, making sustainable practices more accessible and effective for the general public.



Green Design

Eco-Design

Sustainable
Product
Design

Design for
Sustainability

Transformative
Design

Sustainable product design
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Presenter Notes
Presentation Notes
Basic Level of Design:Green Design - Involves replacing basic components with environmentally friendly alternatives, such as using recycled plastic (e.g., tire fibres) instead of conventional plastics.Eco-Design - Goes beyond individual materials by focusing on the life cycle assessment (LCA) of products. This approach evaluates impacts through various stages: extraction, production, consumer use, and disposal, considering both upstream and downstream effects. However, eco-design often overlooks social impacts and fairness.Four Domains of Sustainable Product Design – minimise negative impacts through product’s life cycle by selecting eco-friendly materials, optimising processes, enhancing durability, and ensuring responsible end-of-life management, while also addressing broader societal impacts and fairness.Design for Sustainability - incorporates societal impacts and broader strategies, including democracy and justice.Transformative Design - Builds on all the above aspects and integrates considerations of human experience and future implications.Ultimately, the effectiveness of design is often about focus rather than terminology. A designer with a strategic sustainability mindset targets specific areas of interest for clients, leading to more substantial commitments and future improvements.



less harm

Beyond business as usual
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Presenter Notes
Presentation Notes
If we are moving from product design to wider sustainability theories and practice, green design involving replacement of basic components with environmentally friendly alternatives, means ‘do less harm’. 



less harm zero waste

Beyond business as usual

17

Presenter Notes
Presentation Notes
Then, sustainable design, in which the negative impacts through product’s life cycle and minimised, and the impacts are evaluated various stages from extraction to end-of-life, could be associated with a zero waste strategy. 



less harm zero waste replenish

Beyond business as usual
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Presenter Notes
Presentation Notes
Finally, a transformative design, includes considerations of human experience and future implications.



BUSINESS AS
USUAL

GREEN
(relative improvement)

SUSTAINABLE
(neutral/ not bad)

RESTORATIVE
(humans doing things
with nature)

REGENERATIVE

(humans 
participating as
nature -> 
co-evolution of the
whole system)

less harm zero waste replenish

Beyond business as usual
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Presenter Notes
Presentation Notes
In other terms, the sustainability practices and philosophies shown in this slide, reflect the evolution from minimal environmental concern to more proactive and restorative approaches. The latter start to be adopted and have been adopted in the design of the built environment.Business as Usual - This approach maintains conventional practices without significant changes, often prioritising short-term economic gains over long-term environmental or social impacts. It typically involves standard industry practices with minimal consideration for sustainability.Green -  Green practices focus on reducing environmental harm by incorporating eco-friendly materials or technologies, such as using recycled plastics. While these practices aim to lessen negative impacts, they often do not address broader systemic issues or the full lifecycle of products.Sustainable/Not Bad - Sustainable practices go beyond green approaches by aiming to balance environmental, social, and economic factors. They seek to minimise negative impacts throughout a product's lifecycle and promote practices that do not compromise future generations’ ability to meet their needs.



BUSINESS AS
USUAL

GREEN
(relative improvement)

SUSTAINABLE
(neutral/ not bad)

RESTORATIVE
(humans doing things
with nature)

REGENERATIVE

(humans 
participating as
nature -> 
co-evolution of the
whole system)

less harm zero waste replenish

Beyond business as usual
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Presenter Notes
Presentation Notes
Restorative - Restorative approaches aim to repair or regenerate ecosystems and communities affected by industrial activities. This involves not only reducing harm but also actively restoring and enhancing environmental and social conditions, such as through habitat restoration projects or social equity initiatives.Regenerative - Regenerative practices aim to create systems that restore, renew, and enhance their environment and society beyond their original state. This approach seeks to build resilience and vitality by creating positive impacts that contribute to the health and regeneration of ecological and social systems, fostering overall sustainability and flourishing.



• Since the industrial revolution, global economies have developed a “take-make-
consume and dispose” growth model. 

• This linear model assumes that resources are plentiful, easily accessible and 
inexpensive to dispose of.

• The linear model is not sustainable!

• Finite and often scarce valuable materials are lost due to waste disposal.

• Increasing demand for those resources, puts an increasing strain on both the 
environment as well as on the economy. 

Resource 
extraction Production Distribution Consumption Waste

Linear model
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Presenter Notes
Presentation Notes
Discussing about ‘Business as usual’ - modern society excels at creating highly efficient linear production lines, characterised by a ‘take-make-waste’ process. These linear systems involve the extraction of raw materials, production, consumer use, and disposal, resulting in significant waste during the end-of-life phase. Such systems rapidly deplete natural resources and convert them into waste, highlighting the unsustainable nature of linear production. This raises critical questions about the environmental costs of activities, and highlights the need to challenge prevailing worldviews and paradigms. 



Adapted from COM(2014) 398

Thus, it is essential to move to a different 
economic model (Circular Economy), which is 
“restorative by intention, and aims to decouple 
economic growth from the use of natural 
resources and ecosystems by using those 
resources more effectively and eliminating 
waste”. 

Circular model
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Presenter Notes
Presentation Notes
Conversely, a circular economy is an economic system that systematically eliminates waste and maximises resource utilisation by shifting from linear processes to cyclical thinking. This involves transitioning from single-use products to closed-loop services and processes. As William McDonough states, “there’s no such thing as waste in nature,” highlighting that circular design extends beyond recycling. It includes designing products for easy disassembly and creating take-back systems and infrastructure that facilitate cost-effective material recovery for future use. Over recent decades, the regenerative approach to design has evolved significantly, advancing towards the establishment of a circular economy.

https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A52014DC0398
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Circular model

https://www.ellenmacarthurfoundation.org/circular-economy-diagram

Presenter Notes
Presentation Notes
The Ellen MacArthur Foundation's butterfly diagram provides a visual representation of the circular economy by illustrating the flow of materials and resources through two distinct cycles: the biological cycle, which focuses on regenerative processes (such as bamboo and timber), and the technical cycle, which emphasises the maintenance and enhancement of materials, including, in the context of construction, concrete, metals, plastics, etc.�There are two fundamental concepts to highlight within the figure: leakage out of the circular system, to energy recovery or landfill, should be avoided wherever possible; within the concentric circles, the smaller the diameter the more efficient the process.The Ellen MacArthur figure is in fact conceptually, very similar to the EU and UK waste hierarchy which ranks waste management options according to what is best for the environment and has been a central concept in EU and UK waste policy frameworks for many years.

https://www.ellenmacarthurfoundation.org/circular-economy-diagram


EU and UK waste management hierarchy

Waste prevention

Preparation for reuse

Recycling

Recovery

Disposal
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Presenter Notes
Presentation Notes
Within the context of the circular economy, it is essential to differentiate between reuse and recycling, as their definitions vary. Recycling involves converting waste materials into new materials or products, which may or may not resemble the original form, and generally requires energy. In contrast, reuse refers to using an object in its original form after its initial use, with only minor alterations, thus preserving its original shape and functionality. This distinction is significant, particularly given that the term "recycling" often has a broad, imprecise definition in everyday language, while it holds a more specific meaning within waste management and circular economy frameworks, as outlined by the EU and UK waste management hierarchy.
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Lifecycle of infrastructure

System

Network

Asset

Need

Strategy

Strategy

Optioneering

Prepa-
ration & 

brief

Preparation and 
briefing

Concept Defini-
tion Technical design

Concept design Technical 
design

Spatial 
coordi-
nation

Design

Manufacture, 
construct & 
commission

Manufacture & 
construction

Delivery

Hand-
over

Hand-
over & 
closure

Use

Use

Operation
Purpose & 

performance 
review

End of life

End of life

PAS2080:2023

BS 8536:2022

RIBA Plan of Work

Carbon management in buildings and infrastructure

Design, manufacture and construction for operability

Model for the design and construction process of buildings

Presenter Notes
Presentation Notes
Sustainability and circularity needs to be integrated at all stages of a project. This slide outlines work stages in PAS2080 that align closely with those in the Value Toolkit developed by the Construction Innovation Hub. For this recording, these stages are adapted to infrastructure work (based on BS 8536:2022, including an additional end-of-life stage) and the built environment (according to the Plan of Work by the Royal Institute of British Architects). Although there are other sector-specific definitions of work stages, this framework is broadly applicable and can be used effectively for both sustainability and circularity assessments.



Sustainability targets
Specification
Optimisation

Materials selection
Structural system
Meeting targets
Benchmarking
Holistic design 

Site selection
Retrofit/strengthen/avoid new builds
Adaptive re-use

Sustainability enhancements

Need

Optioneering

Design
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Presenter Notes
Presentation Notes
When it comes to sustainability and circularity enhancements, the ways to improve depends on the project type its stage. The earlier the discussions, the higher the influence on carbon reductions, or on project circularity.For example, at the Need/Strategy stage, the site selection, retrofit/retain, or adaptive reuse (in the buildings’ context) are a few options.When going deeper into the project, at the optioneering stage (concept design) carbon savings can be achieved through an adequate material selection, selection of the structural system, as well as meeting targets, benchmarking and holistic design.Finally, as the project is at the Design/Technical design stages, savings typically can be achieved through material specification and/or section/structure optimisation.



Modified from London Plan Guidance – Circular Economy Statements (2022)

Decision tree for design approaches for existing assets

Is there an 
existing asset on 

site?

Is it technically 
feasible to retain 

the asset(s) in 
part whole or in 

part?

Are there any 
asset materials or 

elements 
available on site 

that
can be used?

Is the existing 
asset, or parts of 

it, suited 
to the 

requirements for 
the site?

Is it technically 
feasible to 
recover the 

‘residual value’ of 
the asset 

elements or 
materials?

Retain and 
Retrofit

Partial retention 
and 

refurbishment

Disassemble and 
reuse

Demolish and 
recycle

Reuse on site

Reuse on a site 
nearby

Reuse off-site

New asset

Yes

No

Yes

No

Yes

No

Yes in 
whole

Yes in 
part

Yes

No
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Presenter Notes
Presentation Notes
At early stage of the design process, aligning with the EU/UK waste hierarchy, the stakeholder group has the opportunity to adopt the most efficient strategy:. This can includeRetain and retrofit: The vast majority of the asset’s fabric is retained, with the asset refurbished for the same or new uses through restoring, refinishing and future-proofing. This also encompasses retrofitting, where new technology or features are added to the existing asset to make them more efficient and to reduce their environmental impacts (e.g. new pavement that has less impact on fuel consumption). Partial retention and refurbishment: Significant quantities of carbon-heavy aspects of the asset are retained in place, such as the floors and substructure, with replacement of some elements of the asset. More significant refurbishment can involve adding, for example, extra lanes for traffic on a bridge.Disassemble and reuse: Disassemble sections of an asset and enable their direct reuse ideally on the site or, where this is not possible, off site (with nearby sites preferred). This approach also includes careful selective deconstruction of the asset and material types i.e. taking apart each layer and material type as much as possible, minimising damage to parts and maintaining their value, and then reusing those elements and materials. If reuse is not possible, materials may be carefully and selectively separated for processing and recycling into new elements, materials and objects. Demolish and recycle:  Conventional demolition, with elements and materials processed into new elements, materials and objects for use on the site or on another site.

https://www.london.gov.uk/sites/default/files/circular_economy_statements_lpg_0.pdf


Design tree for design approaches for new assets

Is the whole asset designed below the 
conventional design life?

Is it likely that there may be a need for assets 
of similar configurations in other locations in 

the future?

Design for asset relocation

Design for component/material reuse

For each 
component of 

the asset

…is it likely that the component will need to be moved or modified within 
5-15 years (e.g. due to changing use patterns or user requirements) 

…is it likely that the component will need to be changed, upgraded or 
replaced within 5-15 years, (e.g. for improved performance)

Design for flexibility

Design for replaceability

Design for adaptability

All developments should apply circularity principles, including disassembly and adaptability, material reuse on-onsite and/or recycling 
should be maximised.

Yes Yes

No
No

Yes

Yes

No

No

28Modified from London Plan Guidance – Circular Economy Statements (2022)

Presenter Notes
Presentation Notes
All developments should be designed so that assets can be adapted to extend their life. They should also be designed so they can be deconstructed and reconstructed to allow components and materials to be salvaged for reuse or recycling, whilst maintaining their economic and environmental value. Some strategies are:Asset relocation. Designing to allow the whole asset to be used on a different site, either by moving as a whole or disassembling into large modules. Component or material reuse. The use of a product in its original form with minimal reprocessing. Preparation for reuse involves checking, cleaning or repairing materials so that they can be used again for their original purpose. Materials can be reused as a whole; redeployed as modules; or reused as a kit of parts on one or more different sites. Flexibility. An asset that has been designed to allow for extension for change in functional purpose (e.g. 2 to 3 lane traffic; from 3 lane car to mixed use car, cycle, pedestrian, etc.)Replaceability. Designing to facilitate easy removal and upgrade, and ideally to be reused, remanufactured or recycled on a part-by-part basis. Disassembly. Designed to allow the asset and its components to be taken apart with minimal damage to facilitate reuse or recycling. If designed well, it should be possible to replace any component. Longevity. Designing to avoid a premature end of life for all components through considering maintenance and durability. Adaptability. A building that has been designed with thought of how it might be easily altered to prolong its life, for instance by alteration, addition, or contraction, to suit new uses or patterns of use (often used interchangeably with flexibility; however, it relates more to structural changes).

https://www.london.gov.uk/sites/default/files/circular_economy_statements_lpg_0.pdf
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• Definition of sustainability in the context of infrastructure projects.

• Exploring the importance of sustainable design principles in minimising resource consumption and waste 

generation.

• Understanding how circularity contributes to the sustainability of infrastructure projects

SUMMARY



30

ACTIVITY 2:  Life-cycle assessments

• Definition and purpose of LCA in assessing the environmental impact of products and projects. 

• Goal and scope definition, inventory analysis, impact assessment, and interpretation.

• Overview of available LCA software and tools for streamlining assessments.

Presenter Notes
Presentation Notes
Life Cycle Assessment (LCA) is an essential methodology for evaluating the environmental impacts of products and projects throughout their entire life cycle. This activity introduces the definition and purpose of LCA, emphasising its importance in sustainable decision-making. We will explore the key stages of LCA, including goal and scope definition, inventory analysis, impact assessment, and interpretation. Additionally, we will provide an overview of the various LCA software and tools available, which aid in streamlining and enhancing the accuracy of environmental assessments.



• Only environmental considerations addressed
• Economic, social, and other aspects could be considered with other tools
• Iterative process where each phase uses results of other phases
• Process split into life cycle stages/modules and LCA phases/steps
• Stages are portions of the product life cycle and phases are the portions of the LCA 

process
• Data collected on inputs and outputs of the system
• Associated environmental and resource impacts of those inputs and outputs
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“Compilation and evaluation of the inputs, outputs and the potential environmental 
impacts of a product system throughout its life cycle”

Life cycle assessment (LCA)

Presenter Notes
Presentation Notes
The Life Cycle Assessment (LCA), as defined by ISO 14040:2006 ‘Environmental management. Life cycle assessment. Principles and framework’ (in the UK, BS EN ISO 14040:2006+A1:2020), is the "compilation and evaluation of the inputs, outputs, and potential environmental impacts of a product system throughout its life cycle." The LCA addresses only environmental considerations, while economic, social, and other aspects may require additional tools. It is an iterative process, where each phase builds on the results of the others.The LCA process is split into life cycle stages (modules) and LCA phases (steps). The stages (modules) are portions of the product life cycle and phases (steps) are the portions of the LCA process. The data is collected on the inputs and outputs of the system, focusing on their associated environmental and resource impacts. It means that [through LCA] there is a detailed quantification of all resources (inputs) and emissions or waste (outputs) associated with each stage of a product's life cycle—from raw material extraction through production, use, and disposal. Then, the approach evaluates how these quantified inputs and outputs affect the environment, such as contributions to global warming, resource depletion, pollution, and other environmental concerns.



Portions of LCA procedure 

Note: This is a general diagram of stages, and some products or 
processes may have more or less stages than those shown here
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Phases versus stages

Inventory Analysis

Impact Assessment

Goal and Scope

Interpretation

Phases
Sections of product life cycle

Manufacture

Disposal/recycling

Extraction and upstream production

Transport

Use

Transport

Transport

Stages

ISO 14040 Environmental management. Life cycle assessment. Principles and framework

Presenter Notes
Presentation Notes
In Life Cycle Assessment (LCA), phases (steps) and stages (modules) play distinct roles. Phases represent the procedural steps within the LCA methodology. These include the Goal and Scope Definition phase, where the purpose of the LCA is established, along with the system boundaries and the level of detail required. The Inventory Analysis (LCI) phase involves collecting data on the inputs (e.g., energy, materials) and outputs (e.g., emissions, waste) associated with each stage of the product’s life cycle. The Impact Assessment (LCIA) phase focuses on evaluating the potential environmental impacts linked to the inputs and outputs identified in the inventory analysis, such as global warming potential, acidification, and resource depletion. Finally, the Interpretation phase involves analysing the results to draw conclusions, make recommendations, and ensure consistency with the goals defined in the initial phase.Stages refer to the different segments of a product’s life cycle. These typically include several key stages: Raw Material Extraction, where raw materials are acquired from the environment; Manufacturing, which involves converting these raw materials into finished products; Distribution, covering the transportation and logistics required to deliver the product to the user; Use, representing the period when the product is actively utilised by the consumer; and End-of-Life, the final stage where the product is disposed of, recycled, or otherwise processed after its useful life has ended.The key difference between phases (steps) and stages (modules) lies in their focus. Phases focus on the analytical steps of the LCA process, which assess and interpret the environmental impacts across the stages of the product's life cycle. In contrast, stages pertain to the physical progression of the product from creation to disposal.



1. Goal: what do we want to know? 
(Attributional/Consequential)
2. Scope: What is the product/service (in 
quantitative terms)? (Functional Unit) 
3. What emissions to and resources from 
the environment are needed? (Life-Cycle 
Inventory)
4. How do these processes affect the 
environment? (Impact Assessment)
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Inventory Analysis

Impact Assessment

Goal and Scope

Interpretation

Phases

Questions in LCA

ISO 14040 Environmental management. Life cycle assessment. Principles and framework

Presenter Notes
Presentation Notes
When undertaking and LCA as per ISO14040 one needs to answers the following questions:Goal: what do we want to know? (Attributional/Consequential)Attributional LCA aims to quantify the environmental impacts associated with a product or service based on its entire life cycle, considering the inputs and outputs directly associated with it. This approach typically seeks to allocate the environmental burdens to the product or service in question, reflecting the current state of the system and its existing practices. E.g., attributional LCA might calculate the total emissions related to the production and use of a specific type of building material.Consequential LCA, on the other hand, focuses on the changes that result from decisions or actions, including potential shifts in production or consumption patterns. It assesses the environmental consequences of introducing a new product or technology by evaluating how it affects overall systems and behaviours. E.g., consequential LCA might examine how increasing the use of a certain material affects the market dynamics and, consequently, the environmental impacts of alternative materials.2. Scope: What is the product/service (in quantitative terms)? (Functional Unit) FU specifies the quantifiable measure of the function or service provided by a product or system; e.g. thermal insulation of 1 square metre of wall for 50 years.3. What emissions to and resources from the environment are needed? (Life-Cycle Inventory)The LCI phase involves the systematic collection and analysis of data regarding the inputs and outputs associated with a product or system throughout its life cycle. The LCI phase aims to build a comprehensive inventory of all relevant environmental flows to understand the product's or system's overall environmental impact. 4. How do these processes affect the environment? (Impact Assessment)The IA phase involves evaluating the potential environmental impacts associated with the inputs and outputs identified during the Life-Cycle Inventory (LCI) phase. This phase translates inventory data into meaningful environmental impacts by assessing various categories.



• EN 17472 - Sustainability of construction works - Sustainability assessment of civil 
engineering works - Calculation methods

• EN 15643 - Sustainability of construction works. Sustainability assessment of 
buildings and civil engineering works 

• EN 15978 - Sustainability of construction works – Assessment of environmental 
performance of buildings – Calculation method

• EN 15804 - Sustainability of construction works - Environmental product 
declarations - Core rules for the product category of construction products 

European Norms

34

Presenter Notes
Presentation Notes
In Europe, life-cycle assessments are carried out using different European Norms.EN 17472:2022 - Sustainability of construction works - Sustainability assessment of civil engineering works - Calculation methodsEN 15643:2021 - Sustainability of construction works. Sustainability assessment of buildings and civil engineering works EN 15978:2011 - Sustainability of construction works – Assessment of environmental performance of buildings – Calculation methodEN 15804:2012 - Sustainability of construction works - Environmental product declarations - Core rules for the product category of construction products EN17472 is the most recent (2022) and is likely to be the most relevant for evaluating the environmental impact of infrastructure.

https://msca-recharged.eu/


35

Steps of the assessment process

Identify the 
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results
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From EN17472 Sustainability of construction works. Sustainability assessment of civil engineering works. Calculation methods. 

1 2 3 4 5 6 7 8

Presenter Notes
Presentation Notes
Compared to ISO14040, which only considers environmental assessments, EN 17472 establishes specific methods for assessing the environmental, economic, and social performance of civil engineering works, considering their functionality and technical characteristics. It supports decision-making by providing a standardised approach that allows for the comparability of different project options, both for new builds and existing infrastructure.EN 17472 outlines that the steps (or phases according to ISO14040) illustrated in the side must be followed to assess the environmental, economic, and social performance of civil engineering works. �It includes a total of eight steps: (1) identification of the purpose of the assessment, (2) specification of the object of the assessment, (3) use and/or development of scenarios, (4) quantification, (5) selection of data and other relevant information, (6) evaluation of the environ-mental, economic and social indicators, (7) Reporting and communication, and (8) verification.�For further details read the standard; information about functional equivalent, system boundary, reference period is covered in the following slides. 



Portions of LCA procedure 

Note: This is a general diagram of stages, and some products or 
processes may have more or less stages than those shown here
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Phases versus stages

Inventory Analysis

Impact Assessment

Goal and Scope

Interpretation

Phases
Sections of product life cycle

Manufacture

Disposal/recycling

Extraction and upstream production

Transport

Use

Transport

Transport

Stages

ISO 14040 Environmental management. Life cycle assessment. Principles and framework

Presenter Notes
Presentation Notes
In Life Cycle Assessment (LCA), phases (steps) and stages (modules) play distinct roles. Phases represent the procedural steps within the LCA methodology. These include the Goal and Scope Definition phase, where the purpose of the LCA is established, along with the system boundaries and the level of detail required. The Inventory Analysis (LCI) phase involves collecting data on the inputs (e.g., energy, materials) and outputs (e.g., emissions, waste) associated with each stage of the product’s life cycle. The Impact Assessment (LCIA) phase focuses on evaluating the potential environmental impacts linked to the inputs and outputs identified in the inventory analysis, such as global warming potential, acidification, and resource depletion. Finally, the Interpretation phase involves analysing the results to draw conclusions, make recommendations, and ensure consistency with the goals defined in the initial phase.Stages refer to the different segments of a product’s life cycle. These typically include several key stages: Raw Material Extraction, where raw materials are acquired from the environment; Manufacturing, which involves converting these raw materials into finished products; Distribution, covering the transportation and logistics required to deliver the product to the user; Use, representing the period when the product is actively utilised by the consumer; and End-of-Life, the final stage where the product is disposed of, recycled, or otherwise processed after its useful life has ended.The key difference between phases (steps) and stages (modules) lies in their focus. Phases focus on the analytical steps of the LCA process, which assess and interpret the environmental impacts across the stages of the product's life cycle. In contrast, stages pertain to the physical progression of the product from creation to disposal.
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Civil engineering works assessment system boundary
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From EN17472 Sustainability of construction works. Sustainability assessment of civil engineering works. Calculation methods. 

Presenter Notes
Presentation Notes
The system boundary determines the processes that are taken into account for the object of assessment. See the Modules in EN17472 as the phases in ISO14040.In the European Norms, the system boundary is based on a modular approach, i.e. Modules A-D.Depending on the limit of the system boundary, the technical literature uses various definitions as follows:Cradle to Gate (Modules A1-A3): Covers the life cycle stages from raw material extraction to the product leaving the factory gate.Cradle to Practical Completion (Modules A1-A5): Includes the life cycle stages from raw material extraction to the point of practical completion of the construction.Cradle to Grave (Modules A-C): Encompasses the full life cycle from raw material extraction to end-of-life.Cradle to Cradle (Modules A-D): Covers the entire life cycle with incorporation potential resources for future use.



• Quantifies the function of the product/service/system under
• Reference: must be the same for all alternatives
• Basis for the LCA study

 System reference unit, lifespan, system performance
Example paint system: m² surface protected for 10 years
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Functional unit

ISO 14040 Environmental management. Life cycle assessment. Principles and framework

Presenter Notes
Presentation Notes
The functional unit as defined in ISO14040 is a key element of LCA which has to be clearly defined. The functional unit is a measure of the function of the studied system and it provides a reference to which the inputs and outputs can berelated. For example, the functional unit for a paint system may be defined as the unit surface protected for 10 years. A comparison of the environmental impact of two different paint systems with the same functionalunit is therefore possible. 



• Functional equivalent (EN 17472): quantified functional and/or technical requirements for a building or 
civil engineering works or an assembled system

• civil engineering works type (road A to B); relevant technical/functional requirements (X vehicles); 
use pattern (expected vehicles per year); service life.

• Example 1: “a dual carriage way” from A to B capacity for 20000 cars per day and the civil 
engineering works assessed is the dual carriageway plus additional communication cables, all the 
impacts of the asset as built are included 

• Functional equivalent (EN 15978):  denoting the technical characteristics and functionalities of the 
building that is being assessed.

• Building type, technical and functional requirements, use, service life 
• Example: concrete building, one family dwelling, 50 years service life

• Functional unit (EN 15804):  quantification of identified functions or performance characteristics of 
products. 

• Reference Unit, use and/or quality, service life 
• Example 1 (building level): m² net surface office, 50 years service life

• Declared unit (EN 15804) does not cover the whole building lifecycle (‘cradle to grave’) but only certain 
module (‘cradle to gate’).

• Concrete (‘cradle to gate’)   Mass (kg)
39

Functional unit

Presenter Notes
Presentation Notes
ISO 14040, ISO 14044 and EN 15804 define a functional unit; EN 15804 also defines a declared unit. EN 17472 and EN 15978 defines a functional equivalent. The distinction between functional unit, declared unit and functional equivalent is specific to the European construction sector, as they are defined in the CEN standards. ISO 14040 and 14044, as the basic LCA standards, define the ‘functional unit’ as the quantification of the performance of a product system, and specify that is used as the reference unit for the LCA and any comparative assertion. The term ‘functional equivalent’ is defined in EN17472 as the quantified functional and/or technical requirements for a building or civil engineering works or an assembled system, and in EN 15978 as denoting the technical characteristics and functionalities of the building that is being assessed. building type, relevant technical and functional requirements, the pattern of use and the required service life.   The term ‘functional unit’, as defined in EN 15804, refers to the quantification of identified functions or performance characteristics of products. The function/performance characteristics of the product are defined at the building level. The functional unit is used primarily as the reference unit for the product LCA study. It is the unit of scale or reference on which the LCA results are based, and relates to the given function of the product. In other cases, the functional unit should be defined according to the future use of the building. A functional unit comprises a function, a quantity, a duration and a quality. The term ‘declared unit’ is specific to product LCAs, as defined in EN 15804. It is used instead of the ‘functional unit’ if the specific function of a product at the building level is not known. EN 15804 states that the declared unit shall be used if an LCA study does not cover the entire life cycle (‘cradle to grave’), but only certain modules (e.g. only ‘cradle to gate’).The terms should be used in line with the definitions of the standards to allow for improved consistency of LCA studies within the construction sector

https://msca-recharged.eu/


40

Life cycle inventory (LCI): what processes?

Raw material mining/quarrying

Construction material production

Transport

Structure 
construction

Maintenance/ 
refurbishment

Ancillary elements and services

End of life

Transport

Reuse Recycling Disposal

Sand, water, 
ore, wood,…

Oil

Coal, biomass,…

CO2, heavy metals, SOx, NOx, organic 
toxins.…

CO2, particles, SOx, NOx,…

Land use CH4, leaching of heavy metals and 
other pollutants,…

CO2, particles, nuclear waste, SOx, 
NOx,…

Presenter Notes
Presentation Notes
The life cycle inventory is the phase of life cycle assessment involving the compilation and quantification of inputs and outputs for a product throughout its life cycle; in the context of civil engineering works or assembled system is considered a “product” and a part of a “product system”.For raw material extraction (e.g., mining and quarrying), inputs include sand, water, ore, and wood, while the outputs are environmental pollutants such as CO2, heavy metals, SOx, NOx, and organic toxins. During the transport stage, inputs primarily consist of oil or fossil fuels, leading to outputs like CO2, particulate matter, SOx, and NOx. In the use stage, inputs involve energy and maintenance materials, and outputs include CO2, NOx, and potential pollutants from wear and tear. For the end-of-life stage, inputs might include land use and waste materials, with outputs including CH4 from landfills, leaching of heavy metals, and other pollutants from decomposition. 
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Life-cycle inventory (LCI): databases

Presenter Notes
Presentation Notes
In Life-Cycle Inventory (LCI), several comprehensive databases provide critical data for environmental assessments. Ecoinvent is a widely used database offering detailed datasets on various products, processes, and services, and is known for its extensive coverage and high-quality data (Ecoinvent Association, 2021).GaBi is another major LCI database that provides robust data for life cycle assessment with a focus on industrial processes and materials (Sphera Solutions, 2021). ELCD (European reference Life Cycle Database) provides European-specific datasets covering a wide array of products and processes (European Commission, 2021 ). USLCI offers a range of datasets specific to the U.S. market, including energy, materials, and waste management (U.S. Environmental Protection Agency, 2021). 



https://europe.arcelormittal.com/sustainabilit
y/xcarb/RRP/recycled-and-renewably-
produced-flat-long-epd
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Life-cycle inventory (LCI): Environmental Product Declaration (EPD)

Presenter Notes
Presentation Notes
Part of this critical data in the databases, Environmental Product Declarations (EPDs) play a significant role. EPDs are standardised documents that provide transparent and comparable information about the environmental impacts of products or services. They are based on Life Cycle Assessment (LCA) and include data on various environmental aspects, such as resource use, emissions, and waste, across the product's life cycle. EPDs are created following specific standards, such as EN 15804 mentioned before. These include values for various impact assessment categories, described later.



Results of the Inventory:
• Inputs (resources) from the environment
• Outputs (emissions) to the environment

What effects do the inputs and outputs have on the environment?

What are we doing?

What resources do 
we use? What 

byproducts do we 
emit?

How does it impact 
human health and 
the environment?

LCI (i) LCI (ii) Impact Assessment
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Detailed impact assessment

Presenter Notes
Presentation Notes
Having set the system boundary, functional unit or equivalent, and the inputs/outputs are known, the Impact Assessment (IA):quantifies the potential environmental impacts of a product or service, considers a wide range of environmental impacts, including climate change, resource depletion, ecotoxicity, and human health.uses standardized methods and characterization factors to assess impacts.provides information for decision-making and to identify opportunities for improvement
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Detailed impact assessment

Classification

Sand
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change
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acidification
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Human health

Species loss

Disability-adjusted life 
years (DALY)

Midpoint

Characterisation

Single score?

Normalisation / weighting
(optional)

How much impact
per [kg] consumed

 or emitted?

Endpoint

Presenter Notes
Presentation Notes
An example of the detailed Impact Assessment the ReCiPe method, which evaluates the environmental impact over includes 18 impact categories. It categorises impacts into midpoint indicators, which measure environmental effects at an intermediate stage (e.g. ocean acidification, climate change, ozone formation), and endpoint indicators, which assess the final damage to areas such as human health, ecosystem quality, and resource availability. Before assessing the mid-point indicators, classification and characterization of the LCI is carried out.Classification involves assigning the life cycle inventory (LCI) data to specific impact categories. For instance, emissions of CO₂ are classified under the global warming potential category, while NOx emissions are classified under acidification potential. Once data is classified, characterisation quantifies the impact of each classified input or emission by applying characterisation factors. These factors convert the classified data into impact scores for each category. 



Classification EndpointMidpoint
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Detailed impact assessment
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Presenter Notes
Presentation Notes
Here is a detailed view of the detailed Impact Assessment using the ReCiPe method. The first column refers to the inputs, the second column includes the 18 impact categories, and then to the right the midpoint and endpoint indicators.



Impact Category / Indicator Unit Description

Climate change – total, fossil, 
biogenic, and land use kg CO2-eq

Indicator of potential global warming due to emissions of greenhouse gases to the air. Divided into 3 
subcategories based on the emission source: (1) fossil resources, (2) bio-based resources, and (3) land use 
change.

Ozone depletion kg CFC-11-eq Indicator of emissions to air that causes the destruction of the stratospheric ozone layer

Acidification kg mol H+ Indicator of the potential acidification of soils and water due to the release of gases such as nitrogen oxides and 
sulfur oxides

Fresh water eutrophication kg PO4-eq indicator of the enrichment of the freshwater ecosystem with nutritional elements, due to the emission of 
nitrogen or phosphor-containing compounds

Marine eutrophication Kg N-eq Indicator of the enrichment of the marine ecosystem with nutritional elements, due to the emission of nitrogen-
containing compounds.

Terrestrial eutrophication mol N-eq Indicator of the enrichment of the terrestrial ecosystem with nutritional elements, due to the emission of 
nitrogen-containing compounds.

Photochemical ozone formation kg NMVOC-eq Indicators of emissions of gases that affect the creation of photochemical ozone in the lower atmosphere (smog) 
catalysed by sunlight.

Depletion of abiotic resources – 
minerals and metals kg Sb-eq Indicator of the depletion of natural non-fossil resources.

Depletion of abiotic resources – 
fossil fuels

MJ, net calorific 
value Indicator of the depletion of natural fossil fuel resources.

Human toxicity – cancer, non-
cancer CTUh Impact on humans of toxic substances emitted to the environment. Divided into non-cancer and cancer-related 

toxic substances.
Eco-toxicity (freshwater) CTUe Impact on freshwater organisms of toxic substances emitted to the environment.

Water use m3 world eq. 
deprived Indicator of the relative amount of water used, based on regionalized water scarcity factors.

Land use Dimensionless Measure of the changes in soil quality (Biotic production, Erosion resistance, Mechanical filtration).
Ionizing radiation, human health kBq U-235 Damage to human health and ecosystems linked to the emissions of radionuclides.

Particulate matter emissions Disease incidence Indicator of the potential incidence of disease due to particulate matter emissions

https://ecochain.com/blog/impact-categories-lca/
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Impact categories

Presenter Notes
Presentation Notes
Here is a detailed description of 15 impact categories which are commonly used in Environmental Impact Assessments. Depending on the type of the project, some of the categories have limited value for civil engineering works. The categories with the greatest impact are climate change, depletion of resources and land use.

https://ecochain.com/blog/impact-categories-lca/
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Simplified impact assessment

• Impact assessments for infrastructure is very complex: practitioners often 
use simplified assessments.

• Common practice assess only…
• Construction and operational energy use.
• One impact category: Global Warming Potential

Presenter Notes
Presentation Notes
Implicitly, due to the complexity of the complete Impact Assessment, the construction sector tends to focus on a single impact category,  climate change, or the global warming potential.
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Definitions

• Global warming potential (GWP): factor describing the radiative forcing 
impact of one mass-based unit of a given greenhouse gas relative to an 
equivalent unit of CO2 over a given period of time

• Greenhouse gases (GHGs): gaseous constituents of the atmosphere, natural 
and anthropogenic, that absorb and emit radiation at specific wavelengths 
within the spectrum of infrared radiation emitted by the Earth’s surface, the 
atmosphere and clouds

• Greenhouse gas (GHG) emission: total mass of GHG released to the 
atmosphere over a specified period of time

• Carbon dioxide equivalent (CO2e): unit for comparing the radiative forcing of 
greenhouse gases (GHGs) to carbon dioxide

Presenter Notes
Presentation Notes
The Global Warming Potential (GWP) is a factor that measures the radiative forcing impact of a greenhouse gas relative to carbon dioxide (CO₂) over a specific time period. GWP considers the effects of various greenhouse gas (GHG)  on the climate. Greenhouse gases (GHGs) are atmospheric gases, both natural and anthropogenic, that absorb and emit radiation at particular infrared wavelengths, affecting the Earth's radiative balance. GHG emission refers to the total mass of these gases released into the atmosphere during a given timeframe. Although the main measure for GWP is CO2, the effects of other GHG (e.g. methane, nitrogen dioxide) to climate change is represented by a CO2 equivalence 



Embodied Carbon: sum impact of all the greenhouse gas 
emissions attributed to the materials throughout their life cycle 
The carbon emissions emitted producing asset’s materials, their transport and 
installation on site as well as their disposal at end of life.

Operational Carbon: the emissions of carbon dioxide during the 
operational or in-use phase.
a new asset with net zero operational carbon does not burn fossil fuels, is 100% 
powered by renewable energy, and achieves a level of energy performance in-use in 
line with the national climate change targets. 

Simplified impact assessment: carbon dioxide equivalent
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Presenter Notes
Presentation Notes
In general practice, the carbon dioxide equivalent is the sum of the embodied carbon and operational carbon. Other definitions exist, and those relevant to infrastructure carbon management are mentioned later.Embodied carbon is the sum impact of all the greenhouse gas emissions attributed to the materials throughout their life cycle (extracting from the ground, manufacturing, construction, maintenance and end of life/disposal). Operational Carbon: the emissions of carbon dioxide during the operational or in-use phase.



1. Define goal and boundaries.
2. Estimate quantities of materials, products and processes in the 
asset.
3. Assess the carbon equivalent emissions for each material/product 
and process and then sum them to obtain the overall carbon 
4. Interpret the results, refine and re-iterate if needed.

Inventory Impacts Total

Estimate the 
material quantities 
and processes in 

the building

Estimate the 
environmental 

impacts for each 
material and 
processes

Estimate the total 
environmental 
impact of the 

building

100 kg steel 0.43 kgCO2e 43 kgCO2e
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Simplified impact assessment: embodied carbon

Presenter Notes
Presentation Notes
In simplified impact assessments, that are widely adopted in all parts of the industry, the complex life-cycle assessment described before, resorts to a relatively simple set of mathematical operations. The simplified impact assessment, as referred to in this document/presentation, covers the same steps: (1) goal definition, scope, system boundaries, functional unit, reference period (e.g. evaluate embodied carbon to EN17472 for an integral bridge over a design life of 120 years for modules A1-A3; adopt the whole asset as a functional equivalent) (2) estimate quantities of materials, products and processes in the asset, (3) assess the carbon equivalent emissions for each material/product and process and then sum them to obtain the overall carbon, (4) interpret the results, refine and re-iterate if needed.
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Carbon tools

UKGOV Carbon Planning Tool

Institution of Structural Engineers – How to calculate 
embodied carbon 

The Structural Carbon tool 

National Highways Carbon emissions calculation tool

Rail RSSB Carbon Tool

Asphalt Pavement Embodied Carbon Tool

Steel Bridges Carbon Calculator by Atkins

Presenter Notes
Presentation Notes
In practice, various carbon assessment tools are available, often in the form of spreadsheets with embedded mathematical functions and material impact data. Examples include the Structural Carbon tool, the National Highways Carbon Emissions Calculation Tool, the Raul RSSB Carbon Tool, the Asphalt Pavement Embodied Carbon Tool, and the Steel Bridges Carbon Calculator developed by Atkins.

https://assets.publishing.service.gov.uk/media/5a7f5da4e5274a2e8ab4bbe1/LIT_7067.pdf
https://www.istructe.org/IStructE/media/Public/Resources/istructe-how-to-calculate-embodied-carbon.pdf
https://www.istructe.org/IStructE/media/Public/Resources/istructe-how-to-calculate-embodied-carbon.pdf
https://www.istructe.org/resources/guidance/the-structural-carbon-tool/
https://nationalhighways.co.uk/suppliers/design-standards-and-specifications/carbon-emissions-calculation-tool/
https://safety.networkrail.co.uk/wp-content/uploads/2017/12/Rail-Carbon-Tool-User-Guide.pdf
https://www.trl.co.uk/solutions/climate-change-and-sustainability/asphalt-pavement-embodied-carbon-tool
https://www.bcsa.org.uk/resources/sustainability/bridges-carbon-calculator/
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Useful links

LCA data | openLCA.org       
 
Search | Database | ÖKOBAUDAT (oekobaudat.de)

EPD Library | EPD International (environdec.com) 

ECO PORTAL - Eco Platform en (eco-platform.org)  
Ramboll Microsoft Power BI

Bombyx | Food4Rhino     

Cardinal LCA, a product by Pathways | Food4Rhino  

EPiC Grasshopper | Food4Rhino

Free student license | One Click LCA   
CAALA for Rhino | Food4Rhino   
  

Presenter Notes
Presentation Notes
Some useful information is available at these links, including advanced LCA software, EPD libraries or plugins for various design programmes. 

https://www.openlca.org/lca-data/
https://www.oekobaudat.de/no_cache/en/database/search.html
https://www.environdec.com/library
https://www.eco-platform.org/epd-data.html
https://app.powerbi.com/view?r=eyJrIjoiNmUzYmFkYzItMmY3Mi00M2RjLTkwMTYtZjBiOTQ1MDIxYzA1IiwidCI6ImM4ODIzYzkxLWJlODEtNGY4OS1iMDI0LTZjM2RkNzg5YzEwNiIsImMiOjh9
https://www.food4rhino.com/en/app/bombyx
https://www.food4rhino.com/en/app/cardinal-lca-product-pathways
https://www.food4rhino.com/en/app/epic-grasshopper
https://oneclicklca.com/resources/free-license-for-students?_gl=1*1gttfp8*_up*MQ..&gclid=CjwKCAjwgpCzBhBhEiwAOSQWQURjm27O1Tjkx4R1-4I5cwm_2VS-H_qP5WRmqyjjW6l88Xy3rAlawhoC538QAvD_BwE
https://www.food4rhino.com/en/app/caala-rhino
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SUMMARY

• Definition and purpose of LCA in assessing the environmental impact of products and projects. 

• Goal and scope definition, inventory analysis, impact assessment, and interpretation.

• Overview of available LCA software and tools for streamlining assessments.
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ACTIVITY 3:  Carbon emissions management

• Overview of embodied carbon emissions and their significance in infrastructure projects.

• Strategies to minimise embodied carbon emissions.

• Carbon management and whole life costing

Presenter Notes
Presentation Notes
This activity will provide an overview of embodied carbon emissions and their significance in infrastructure projects. We will explore various strategies to minimise these emissions and discuss the role of carbon management and whole life costing in achieving sustainable outcomes. It is largely based on PAS 2080:2023, which is the first standard proposing a system to manage carbon in buildings and infrastructure.
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Decarbonisation reviews accentuated the need for the following actions:
• focusing on whole life carbon both within the control and influence of asset 
owners/managers, not just in creating assets, but also in their future operation and 
use;
• considering assets as part of complex, interconnected networks and systems;
• accounting for and integrating the carbon implications of climate resilience, 
environmental regeneration and biodiversity; and
• recognising that most of the built environment expected to exist in 2050 is already 
built and has locked in high carbon quantities, hence the need for retrofitting to 
decarbonise established built environment systems.

Carbon management in infrastructure projects

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
The Infrastructure Carbon Review addressed whole life carbon for infrastructure projects, distinguishing between carbon under the control and influence of asset owners and managers. Since then, decarbonisation principles have advanced in response to heightened urgency from the COP21 Paris Agreement. As of 2023, there is a global push towards a net zero carbon world by 2050, incorporating resilience and biodiversity goals. This shift has intensified the challenge for the built environment, requiring significant changes at the system level through collaborative efforts. Historically, carbon management for buildings and infrastructure has been handled separately, with varying terminology, standards, and definitions. It becomes more prominent the need to view infrastructure and buildings together due to their interdependencies. The scope of PAS 2080 (2023) is to manage carbon to reduce whole life emissions in the built environment, aligned with the net zero carbon transition, and to recognise the importance of balancing climate adaptation with circular economy principles to achieve wider co-benefits.
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Lifecycle of infrastructure

System

Network

Asset

Need

Strategy

Strategy

Optioneering

Prepa-
ration & 

brief

Preparation and 
briefing

Concept Defini-
tion Technical design

Concept design Technical 
design

Spatial 
coordi-
nation

Design

Manufacture, 
construct & 
commission

Manufacture & 
construction

Delivery

Hand-
over

Hand-
over & 
closure

Use

Use

Operation
Purpose & 

performance 
review

End of life

End of life

PAS2080:2023

BS 8536:2022

RIBA Plan of Work

Carbon management in buildings and infrastructure

Design, manufacture and construction for operability

Model for the design and construction process of buildings

Presenter Notes
Presentation Notes
In line with the previous points, assets are part of complex, interconnected networks and systems. A building or infrastructure asset exists within a network, which itself is part of a broader system (see the diagram at the bottom right). This slide introduces the work stages in PAS 2080, which are similar to those in the Value Toolkit developed by the Construction Innovation Hub. These work stages can be adopted for all infrastructure levels (asset, network, system).The stages include: (1) need, (2) optioneering, (3) design, (4) delivery, (5) operation, and (6) purpose and performance review. These stages of the infrastructure lifecycle align with those in BS 8536:2022, which addresses design, manufacture, and construction for operability, with an additional end-of-life stage. They also align with the work stages for the design and construction process of buildings as outlined in the Royal Institute of British Architects’ Plan of Work. While there are other sector-specific definitions of work stages that may differ, this approach is broadly applicable and suitable for both sustainability and circularity assessments.
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Capital carbon

Capital Carbon: emissions and removals associated with the 
creation and end-of-life treatment of an asset, network or
system, and optionally with its maintenance and refurbishment

• "capital carbon” is the selected terminology to allow comparison/alignment with the 
cost management/expenditure profile of projects and/or programmes of work

• "user carbon" greenhouse gas emissions associated with users’ utilization of an 
asset, network and/or system, and the service it provides during operation

• emissions associated with maintenance and refurbishment are included as 
“optional” under the capital carbon definition because they could also be defined as 
“operational carbon” emissions, depending on the chosen assessment 
methodology

• “embodied carbon” and “upfront carbon” terminologies are acknowledged by parts 
in accordance with existing life cycle assessments standards and guidance

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
In the previous activity we covered various impact categories noting that the carbon dioxide emissions are divided in embodied an operational carbon. This terminology in typically adopted in the context of buildings.PAS2080 introduces new terms such as ‘capital’, ‘user’ and ‘optional’ carbon. Capital Carbon is defined as the emissions and removals associated with the creation and end-of-life treatment of an asset, network or system, and optionally with its maintenance and refurbishment. This term was introduced to allow comparison/alignment with the cost management/expenditure profile of projects and/or programmes of work. Based on the standard, the "user carbon" refers to the greenhouse gas emissions associated with users’ utilization of an asset, network and/or system, and the service it provides during operation. Emissions associated with maintenance and refurbishment are included as “optional” under the capital carbon definition because they could also be defined as “operational carbon” emissions, depending on the chosen assessment methodology. Terms such as “embodied carbon” and “upfront carbon” terminologies are acknowledged by the standard, in accordance with other existing life cycle assessments standards and guidance.
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Decarbonisation principles

System

Network

Asset

Projects and programmes of work

Government, regulators, financiers, 
multiple asset owners

Asset owners/managers

Asset owners/ 
managers

Designers

Constructors
Product/ material 

suppliers

Control
Influence 

Adapted from PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
Decarbonisation must be approached from the system level downwards, requiring close collaboration across the value chain, especially in the context of a net zero transition. PAS 2080 recognises this systems approach in its carbon management requirements, acknowledging that governments, regulators, and in some cases, major asset owners and managers, often hold the most control at the system level.The figure in the slide illustrates the nested relationship of an asset within a network and a broader system, highlighting the varying levels of control and influence that each value chain member has to drive whole life carbon reductions, with opportunities for projects and programmes at each level. PAS 2080 also emphasises that whole life carbon assessment is crucial for effective carbon management.
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Decarbonisation principles

• Decarbonisation should be approached from the system level down, 
requiring collaboration across the value chain; by setting carbon 
management requirements and recognising the key role of governments 
and regulators.

• Achieving net zero requires asset owners and managers to understand the 
complex interdependencies between decarbonisation, climate adaptation, 
biodiversity loss, and socio-economic priorities.

• The carbon management process integrates sustainability criteria into 
decision-making in the built environment, promoting holistic approaches to 
address environmental and social challenges.

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
In the pursuit of net zero, it is essential for the value chain, especially asset owners and managers, to acknowledge the complex interdependencies and synergies between decarbonisation, other pressing issues such as climate adaptation and biodiversity loss, and the social and economic priorities specific to each context.Projects and programmes in the built environment must address these challenges holistically. The carbon management process outlined in PAS 2080 offers a systematic approach, enabling value chain members to place relevant criteria at the centre of decision-making for the future benefit of our planet and society.
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Decarbonisation principles

Project/programme boundary

Before use Use After use/end of life

Study boundary (beyond project programme boundary)

Emissions from the project Before Use, Use and End of Life 
stages that affect the network and/or system

Capital emissions Capital, operational 
and user emissions Capital emissions

Removals Removals Removals

User emissions

Capital, operational and user emissions

Removals

CO
N

TR
O

L
IN

FL
U

EN
CE

Adapted from PAS2080 Carbon management in buildings and infrastructure
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Decarbonisation principles

• Identify all activities that result in carbon emissions or removals they control and influence, at the 
asset, network and system level.

• Identify interdependencies, synergies and relationships between their own project and/or programme 
of works and the network and system, and engage with relevant stakeholders to identify carbon 
reduction opportunities and risks at an asset, network and system level.

• Prioritise nature-based solutions for reduced whole life carbon emissions and potential for carbon 
removal, as well as the associated co-benefits.

• Engage with other value chain members or other stakeholders (such as planning authorities, 
financiers, government and regulators, among others) to align approaches to carbon reduction and 
maximize decarbonisation opportunities.

• Identify the work stages within which they have control or influence in terms of identifying, managing 
or delivering low-carbon solutions. 

• Assess emissions and removals in accordance with the whole life carbon framework.
• Demonstrate that the level of accuracy appropriate for informing decision-making at the stage of the 

project or programme has been taken into account.
• Integrate whole life carbon reduction in their decision-making processes.

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
All value chain members are responsible for managing carbon, which includes the following actions:Identify all activities that result in carbon emissions or removals they control and influence, at the asset, network and system level.Identify interdependencies, synergies and relationships between their own project and/or programme of works and the network and system, and engage with relevant stakeholders to identify carbon reduction opportunities and risks at an asset, network and system level.Prioritise nature-based solutions for reduced whole life carbon emissions and potential for carbon removal, as well as the associated co-benefits.Engage with other value chain members or other stakeholders (such as planning authorities, financiers, government and regulators, among others) to align approaches to carbon reduction and maximize decarbonisation opportunities.Identify the work stages within which they have control or influence in terms of identifying, managing or delivering low-carbon solutions. Assess emissions and removals in accordance with the whole life carbon framework.Demonstrate that the level of accuracy appropriate for informing decision-making at the stage of the project or programme has been taken into account.Integrate whole life carbon reduction in their decision-making processes. Additionally, asset owners/managers and designers should Identify the carbon implications of climate resilience, or the lack thereof, at the asset, network, or system level, and incorporate these into the whole life carbon framework for decision-making. They should also collaboratively work with other value chain members and stakeholders to find solutions that deliver the required climate change resilience with the lowest whole life carbon, including carbon savings from avoiding future recovery efforts.
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Carbon reduction hierarchy

AVOID SWITCH IMPROVE

hierarchy of decision-making

Adapted from PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
All stakeholders should adhere to the carbon reduction hierarchy, as illustrated in the figure, prioritising actions to reduce whole life carbon emissions (including capital, operational, and user emissions). The actions are as follows:AVOID: Align project or programme outcomes with the net zero transition at the system level and evaluate the fundamental need at the asset or network level. This may involve exploring alternatives to avoid new construction, such as reusing, retrofitting, or repurposing existing assets or networks.SWITCH: Assess and adopt alternative solutions that reduce whole life emissions, such as different scopes, design approaches, materials, or technologies, while still meeting whole life performance requirements. This might include innovative models that balance capital investment, resource use, and operational and user efficiency.IMPROVE: Implement solutions that enhance resource use and extend the design life of an asset or network. Apply circular economy principles to evaluate materials and products for their potential reuse or recycling after end-of-life and focus on efficiency improvements throughout the use stage of the asset or network.When selecting low-carbon solutions, priority should be given to those that support decarbonisation at the network and system levels.
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Integration of carbon management in decision making

Leadership

Target setting & baselines

Decarbonisation

Claims of conformity

Integrating carbon into 
decision-making

At every work stage

Adapted from PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
At each work stage, all stakeholders are expected to understand and prioritise the requirements of the carbon management process for delivering the project and/or programme of work as established by the asset owner/manager. Carbon decision-making should be included in all work stages.
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Implementation of carbon management processes

• Understand and prioritise the requirements of the carbon management process for delivering the project 
and/or programme of work as established by the asset owner/manager. 

• Identify whole life carbon reduction opportunities over which they have control and/or influence, according 
to the carbon reduction hierarchy presented before, and take early action to reduce carbon emissions where 
the opportunity is greatest.

• Prioritise the implementation of solutions that best support system-wide decarbonisation. 
• Challenge current practices to enable whole life carbon reduction, including scope, strategy and intended 

outcomes, standards and prescriptive specifications, design approach, programme or cost. 
• Collaborate with other stakeholders and value chain members to implement solutions that minimise whole 

life carbon. 
• Assess whole life carbon emissions and removals in their control and influence and record reductions with 

reference to the baseline(s) and target(s) set.
• Identify low-carbon alternatives appropriate at each stage of the carbon reduction hierarchy, including 

nature-based solutions and circular economy opportunities in the project or programme, where appropriate.
• Where carbon removal activities are planned or undertaken, report them separately from carbon emissions 

and emissions reductions. 

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
Establish and implement a carbon management process At each work stage, participating value chain members shall: Understand and prioritise the requirements of the carbon management process for delivering the project and/or programme of work as established by the asset owner/manager. Identify whole life carbon reduction opportunities over which they have control and/or influence, according to the carbon reduction hierarchy presented before, and take early action to reduce carbon emissions where the opportunity is greatest.Prioritise the implementation of solutions that best support system-wide decarbonisation. Challenge current practices to enable whole life carbon reduction, including scope, strategy and intended outcomes, standards and prescriptive specifications, design approach, programme or cost. Collaborate with other stakeholders and value chain members to implement solutions that minimise whole life carbon. Assess whole life carbon emissions and removals in their control and influence and record reductions with reference to the baseline(s) and target(s) set.Identify low-carbon alternatives appropriate at each stage of the carbon reduction hierarchy, including nature-based solutions and circular economy opportunities in the project or programme, where appropriate.Where carbon removal activities are planned or undertaken, report them separately from carbon emissions and emissions reductions. ADDITIONAL REQUIREMENTS FOR EACH STAKEHOLDER GROUP
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Carbon assessments over the whole life of an asset, network, system

• Assess whole life emissions using appropriate assessment methodologies from 
existing lifecycle analysis standards and/or other recognized sources. 

• Identify the limitations in existing methods and address these to meet the 
assessment requirements focusing on assessing whole life carbon to inform 
decision-making at the asset, network or system level. 

• Compare the whole life carbon impact of options using the same assessment 
methodology for consistency.

• Lifecycle standards for buildings and other civil works (e.g. EN 17472, EN 15978, 
EN 15804) can be used to assess emission sources. 

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
The whole life assessments of an asset, network or system would follow procedures covered in the previous activities. In a nutshell, this would include the assessment using appropriate methodologies (including those stipulated in EN 17472, EN 15978, EN 15804 mentioned before, Identification of the limitations in existing methods and address, andCompare the impact of various scenarios/options using the same methodology.



1. Define goal and boundaries.
2. Estimate quantities of materials, products and processes in the 
building.
3. Assess the carbon equivalent emissions for each material/product 
and process and then sum them to obtain the overall carbon 
4. Interpret the results, refine and re-iterate if needed.

Inventory Impacts Total

Estimate the 
material quantities 
and processes in 

the building

Estimate the 
environmental 

impacts for each 
material and 
processes

Estimate the total 
environmental 
impact of the 

building

100 kg steel 0.43 kgCO2e 43 kgCO2e
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Capital carbon impact assessment

Presenter Notes
Presentation Notes
The impact assessment itself would follow the same steps, as PAS2080 covers carbon management throughout the infrastructure lifecycle, rather than explicit assessment of the emissions.
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Whole-life carbon assessment principles to support decision-making

Assess the whole life carbon within a comprehensive 
study boundary (within and beyond the 

project/programme boundary) – impacts of an asset 
or its network system.

Availability of data likely to be limited. Work with 
benchmarks and/or available carbon factors, prioritise 
assessment of activities that support identification of 

lowest carbon solution.

Assess emissions within a comprehensive study boundary that covers all 
relevant sources of all whole life carbon emissions and removals for the project 

programme.

Identify impact on network and system.

Availability of data and detail of assessment to improve.

Need  Optioneering  Design  Delivery  Operation

Adapted from PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
When assessing carbon emissions over the whole life of an asset, network, or system to inform decision-making, the main steps include to establish a comprehensive study boundary that encompasses all emission sources and removals as per the whole life carbon framework, ensuring it extends beyond the project or programme boundary to consider impacts on the broader network and system. Then using an appropriate methodology, assess emissions and removals from all sources within the control and influence of value chain members throughout all stages of the delivery process. Primarily for large projects, include the assessment of emissions and removals associated with land use changes, such as nature-based and climate resilience solutions, in the decision-making process, but exclude market-based offsets from the assessment boundary.The curves in the figure shows the relationship between data availability and work stages, and the ability to reduce carbon and the same work stages. Whilst the data is less at the need stage, there is higher possibility to reduce carbon. Conversely, at the design stage and beyond, the carbon reduction capabilities reduce significantly. 
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Target setting/baselines, monitoring and reporting

• Carbon reduction targets must be based on clear baselines to assess 
performance effectively.  

• Targets should be set at the system level and aligned with network and asset-
level goals.  

• Asset-level targets are essential for achieving system-level net zero 
objectives.  

• Carbon management requires robust monitoring and frequent transparent 
reporting to track progress against targets. 

• Reports should guide decision-making on whole life carbon management and 
inform future improvements.

From PAS2080 Carbon management in buildings and infrastructure

Presenter Notes
Presentation Notes
Setting targets and establishing baselines, along with robust monitoring and reporting, are fundamental to effective carbon management. All stakeholders must collaborate to set carbon reduction targets based on clear baselines for accurate performance assessment. These targets should be aligned at the system level and with network and asset-level goals, recognising that asset-level targets are crucial for achieving system-wide net zero objectives. Effective carbon management requires frequent, transparent reporting to track progress and guide decision-making, ensuring that reports support whole life carbon management and inform future improvements.
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• When considering costs (analogous to the LCA), the following question arise:
• How do the costs/price of a product develop over its life cycle?
• How sensitive are costs and prices to individual factors (e.g. fluctuations in the 

oil price)?

• Similar to cost unit accounting in business administration (costs of a product are 
tracked along its path in the company or its cost trend is determined)

• There are also other types of cost accounting in business administration, such as 
cost center accounting (costs for a process or process area in a company 
independent of the product)

Prices behave independently of costs, they are also dependent on market events. 
Thus, price ≠ cost !

Life cycle costing

Presenter Notes
Presentation Notes
Life-cycle costing (LCC) is a financial analysis method that evaluates the total cost of owning and operating an asset over its entire life span. It includes all costs from acquisition, operation, maintenance, and disposal, providing a comprehensive view of the financial implications of different options or decisions. This approach helps in comparing various alternatives by considering not just the initial costs but also future expenses and benefits, thus supporting more informed and sustainable decision-making.When considering costs (analogous to the LCA), the following question arise:How do the costs/price of a product develop over its life cycle?How sensitive are costs and prices to individual factors (e.g. fluctuations in the oil price)?Similar to cost unit accounting in business administration (costs of a product are tracked along its path in the company or its cost trend is determined)There are also other types of cost accounting in business administration, such as cost center accounting (costs for a process or process area in a company independent of the product)Note that prices behave independently of costs, they are also dependent on market events. Thus, price ≠ cost !
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Whole life cycle 
cost (WLC)

Externalities Non-construction 
costs IncomeLife cycle cost 

(LCC)

Construction Operation Maintenance End of life

Environmental cost

Life cycle costing

ISO 15686-5: Buildings and constructed assets – Service life planning – Part 5: Life-cycle costing

Presenter Notes
Presentation Notes
ISO 15686-5: "Buildings and constructed assets – Service life planning – Part 5: Life-cycle costing" focuses on the principles and methods for life-cycle costing (LCC) in the context of buildings and constructed assets. This standard provides a framework for assessing the total costs associated with the lifecycle of a building, from initial design and construction through to operation, maintenance, and eventual demolition or decommissioning.According to the code, the Whole life cycle cost model include the life cycle cost (LCC) of the assed, and the externalities, non-construction costs and income. The LCC include initial costs such as design, construction, and commissioning; operating costs for energy, water, and other operational needs; maintenance costs covering routine upkeep, repairs, and replacements; and end-of-life costs related to decommissioning, disposal, or recycling the asset once its service life concludes.
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Whole life cost (WLC)

Life cycle cost (LCC)

Non-construction costs

Income

Externalities

Land and enabling works

Finance

User support costs: property management

User support costs: user charges

User support costs: administration

Taxes

Other

Income from sales

Third party income during operation
Taxes on income

Disruption

Other

Site costs (land and any existing building)

Interest or cost of money and wider economic impacts

In-house resources and property management

Unitary, parking, facilities charges

Reception, helpdesk, switchboard, IT, library, …

Taxes on non-construction items

Residual value on disposal of interest in land, constructed assets…

Rent and service charges
On land transactions

Downtime, loss of income

Whole life cost

ISO 15686-5: Buildings and constructed assets – Service life planning – Part 5: Life-cycle costing

Presenter Notes
Presentation Notes
Here is a breakdown of possible non-constructional, income, and costs from externalities. For example, non-construction costs can include: land an enabling works, finance, user support cots, taxes, etc. 
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Dynamic investment calculation to ISO 15686-5
• Net present value (NPV): Sum of discounted future cash flows (costs & incomes)
• Net Present Cost (NPC): Sum of discounted future costs

oReflects the time value of money
oCash flows from different points in time are made measurable at one point in time
oAlso takes into account the effects of inflation/deflation
oPrice increase effects can be also be accounted

EN 16627 Includes the principles of ISO 15686-5 but distinguishes between
• Life cycle costs in the narrower sense (Life Cycle Costs): includes only costs 

(expenditure)
• Life cycle costs in the broader sense (Whole Life Costs): includes both expenditure and 

income for assessing life cycle success/economic efficiency

Life cycle costing

Presenter Notes
Presentation Notes
ISO 15686-5 gives guidance on dynamic investment calculations. These dynamic methods are characterised by recording cash inflows and outflows at one point in time. Another standard that provides guidance on life cycle and whole life costing is EN16627. In this standard Life Cycle Costs refers only to costs , and Whole Life Costs includes both expenditure and income for assessing life cycle success/economic efficiency. The viewer is encouraged to read through the two standards for further details.
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SUMMARY

• Overview of embodied carbon emissions and their significance in infrastructure projects.

• Strategies to minimise embodied carbon emissions.

• Carbon management and whole life costing

https://msca-recharged.eu/
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ACTIVITY 4:  Case study on critical infrastructure

• Selection of databases, life-cycle inventories and assessment steps

• Evaluation of upfront carbon for conventional and sustainable solutions

• Selected industry case studies for infrastructure carbon management

Presenter Notes
Presentation Notes
In this learning activity, we will explore the selection of databases, life-cycle inventories, and assessment steps crucial for evaluating upfront carbon emissions in both conventional and sustainable solutions. We will also examine selected industry case studies to understand practical approaches to infrastructure carbon management, providing insights into how these methodologies can be applied effectively in real-world scenarios. 

https://msca-recharged.eu/
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Civil engineering works assessment system boundary
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From EN17472 Sustainability of construction works. Sustainability assessment of civil engineering works. Calculation methods. 

Presenter Notes
Presentation Notes
This activity refers largely to the approaches adopted in EN17472 Sustainability of construction works. Sustainability assessment of civil engineering works. This is the most relevant European Norm for infrastructure projects. As mentioned in previous activity in the European Norms, the system boundary is based on a modular approach, i.e. Modules A-D. In the next slides we will cover some simplified procedures to evaluate the embodied carbon at the design stage.



1. Define goal and boundaries.
2. Estimate quantities of materials, products and processes in the 
building.
3. Assess the carbon equivalent emissions for each material/product 
and process and then sum them to obtain the overall carbon 
4. Interpret the results, refine and re-iterate if needed.

Inventory Impacts Total

Estimate the 
material quantities 
and processes in 

the asset

Estimate the 
environmental 

impacts for each 
material and 
processes

Estimate the total 
environmental 
impact of the 

building

100 kg steel 0.43 kgCO2e 43 kgCO2e
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Simplified impact assessment A1-A3

Σ

Σ .
.

.

.

n materials

n materials

Presenter Notes
Presentation Notes
The simplified impact assessment, as referred to in this document/presentation, covers the same steps: �(1) goal definition, scope, system boundaries, functional unit, reference period (e.g. evaluate embodied carbon to EN17472 for 3-span bridge over a design life of 120 years for modules A1-A5 cradle to practical completion; adopt the whole asset as a functional equivalent) �(2) estimate quantities of materials, products and processes in the asset, �(3) assess the carbon equivalent emissions for each material/product and process and then sum them to obtain the overall carbon, �(4) interpret the results, refine and re-iterate if needed.This assessment can be directly carried out with the carbon tools mentioned in Activity 2. For the purpose of this activity, most reference is made the Structural Carbon tool and the supporting documentation by ‘Gibbons et al., 2022’ published by the Institution of structural Engineers.The bill of quantities including the materials, on-site activities and transportation can be evaluated based on the established methods typically used for bidding (Spain, 2014 ). The embodied carbon factors are typically directly embedded into the carbon tool calculator, or existing databases such as The Inventory of Carbon and Energy (2023)  can be adopted. The embodied carbon factors are typically for Modules A1-A3, however, they system boundary may vary and the user is expected to account for this variation.



Module A4 is concerned with transport of materials or products from the factory gate to the 
construction site, and the transport of construction equipment (cranes, scaffolding, etc.) to and from 
the site.
• Module A4 emissions may be significant for heavy civil works, but minor for buildings
• Some journeys comprise multiple legs over different transport modes. 
• Reuse of components, materials or products that are locally sourced and transported over short 

distances will help to reduce both Module A4 and overall project emissions.
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Simplified impact assessment A4

Transport distance 
for i material

Emission factor per 
mode

Total transport 
emissionsΣ

Mode Emission factor (gCO2e/kg/km)

Road transport emissions, average laden 0.10749

Road transport emissions, fully laden 0.07375

Sea transport emissions 0.01614

Freight flight emissions 0.53867

Rail transport emissions 0.02782
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from Gibbons et al., (2022)

n materials

Presenter Notes
Presentation Notes
Module A4 addresses the transportation of materials and products from the factory to the construction site, as well as the transport of construction equipment like cranes and scaffolding. While Module A4 emissions can be substantial for heavy civil works, they are generally minor for building projects. Transportation often involves multiple stages across different modes of transport. To mitigate both Module A4 and overall project emissions, reusing locally sourced components, materials, or products and minimizing transport distances can be highly effective.In a simplified approach, the emissions associated with Module A4 can be evaluated by multiplying the transport distance by the mode emission factor. The latter can be obtained from existing literature. 



• Module A5 includes waste A5w, and energy use from machinery and temporary site office A5a

78

Simplified impact assessment A5w
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Emissions 

factor for A1-
A3

Emission 
factor for 

transport A4

Total waste 
emissions

Waste 
factor for i 
material

Emission 
factor for 

transport C2

Waste 
processing  

C3-C4Σ
WFi=[1/(1-WRi)-1]

WRi = waste rate (quantity of 
materials brought to site that 
ends up as waste during 
installation/ construction) of 
i material using WRAP Net 
Waste Tool

Embodied 
carbon factor 
for A1-A3 for i 
material

Transporta
tion away 
from site

Embodied 
carbon factor 
for transport 
to site A4

Waste processing 
and disposal 
embodied 
carbon factor

Material/product WR (waste rate) WRAP Net Waste Tool Ref WF (waste factor)

Concrete in situ 5% Table 2, Concrete in situ 0.053

Mortar 5% Table 2, Gypsum 0.053

Screed 5% Table 2, Screed 0.053

from Gibbons et al., (2022)

Presenter Notes
Presentation Notes
In this simplified approach, the Module A5 is divided into two categories A5w for waste and A5a for machinery and temporary site office. For the waste submodule A5w, the procedure includes multiplication of a waste factor by the sum of the carbon factors associated with the production (A1–A3), transportation to site for construction (A4), transportation away from site for waste processing (C2), and waste processing or disposal (C3–C4) for a product. The waste rate and wate factors can be taken from WRAP Net Waste Tool.



• Site activity emissions can be estimated from on-site electricity consumption and 
fuel use, and should be monitored during construction to contribute to an accurate 
as-built embodied carbon calculation at practical completion

• Any site activity emissions data collected can also be used to inform estimates of 
A5a emissions in future projects.

• Consider excavation, temporary works, etc.
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Simplified impact assessment A5a
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Emission factor Project cost / 
100,000

Emissions from
site activities

Construction activities emission factor of 700kgCO2e/£100,000 for superstructure and 
superstructure of a building; 1400kgCO2e/£100,000 for the whole building

Emission factor Activity Total transport 
emissionsΣ

n activities

or

Presenter Notes
Presentation Notes
Site activity emissions (A5a) can be estimated based on on-site electricity consumption and fuel use, and should be monitored throughout construction to ensure an accurate as-built embodied carbon calculation at practical completion. Data collected on site activity emissions can also inform estimates of A5a emissions in future projects, including factors such as excavation and temporary works.



• Similar approaches as for Module A
• Case-by-case scenario
• The carbon factor for Module B4 is the number of times 

a component is replaced in the built asset’s life cycle 
multiplied by the sum of the carbon factors for life cycle 
modules A1–4, A5w and C2–C4

• Modules C1–C4 are likely to account for a small 
percentage of structural embodied carbon over the life 
cycle, unless timber products are used.
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Simplified impact assessment B, C
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• Carbon dioxide is removed from the atmosphere as trees grow — via photosynthesis, known as ‘sequestration’.
• The carbon element of this CO2 is temporarily stored within timber until it is released at end of life in the form of a greenhouse gas (CO2 

or CH4), for example by burning or decomposition of the timber; this stored carbon is known as ‘biogenic carbon’. 
• While fossil carbon is typically emitted due to the production/construction of a timber structure, biogenic carbon is instead transferred 

into the structure during production/construction. 
• At the structure’s end of life, the biogenic carbon is then either transferred out of the structure (e.g. sending the timber for reuse), 

emitted into the atmosphere (e.g. incineration for energy), or both (e.g. sent to landfill). 
• Locking biogenic carbon into a timber structure is of climatic benefit for as long as the carbon is kept within that structure, though the 

storage itself does not negate the immediate effects of fossil carbon emissions (e.g. those emitted during the production of a timber 
beam).

• In the absence of product specific data, biogenic carbon sequestered can be assumed as −1.64kgCO2e per kg of timber

Biogenic carbon vs fossil carbon, and emissions vs transfers

Carbon sequestration

Upfront 
emissions

(fossil)

End of life 
emissions

(fossil)

In-use stage

Biogenic carbon stored in 
the structure during the life 

of an asset
Biogenic 
transfer 

into structure

Biogenic 
transfer/emission 

out of structure

A1
-A

5

B1-B8 C
1-

C
4

adapted from Gibbons et al., (2022)
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Presenter Notes
Presentation Notes
If you recall the Ellen McArthur Foundation diagram and that this was divided into ‘biological cycles’ and ‘technical cycles’. The biological cycle, which focuses on regenerative processes (such as bamboo and timber), and the technical cycle, which emphasises the maintenance and enhancement of materials, including, in the context of construction, concrete, metals, plastics, etc.Most materials belonging to the biological cycle have the capability of carbon sequestration.As trees grow, they sequester carbon dioxide from the atmosphere through photosynthesis, temporarily storing the carbon within timber. This stored carbon, known as ‘biogenic carbon,’ is released at the end of the timber's life through burning or decomposition, becoming a greenhouse gas again. While the production of timber structures emits fossil carbon, the biogenic carbon is transferred into the structure during construction. At the end of its life, biogenic carbon may be released through incineration, decomposition, or transfer for reuse. Although locking biogenic carbon in timber structures benefits the climate as long as the carbon remains in the structure, it does not offset the immediate effects of fossil carbon emissions from production. 



Sc - scour depth 
Sc / Df  - scour to foundation 
depth ratio
Cpf: post-flood capacity, 
Co: original capacity  

Assessment case study

• benchmark transport asset, typical river-crossing 3-span bridge with shallow 
foundations under nine flood scenarios

• vulnerability for the as built and the deteriorated asset is estimated using 
fragility functions

• asset recovery is evaluated based on restoration (structural capacity) and 
reinstatement (traffic capacity) models

• restoration tasks were associated with various construction works and bill of 
quantities including the materials, on-site activities and transportation are 
based on the established methods

adapted from Mitoulis et al., 2023
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Presenter Notes
Presentation Notes
The case study involves a benchmark transport asset, specifically a typical river-crossing 3-span bridge with shallow foundations, assessed under nine flood scenarios. Vulnerability for both the as-built and deteriorated asset is estimated using fragility functions. Asset recovery is evaluated through restoration (structural capacity) and reinstatement (traffic capacity) models. Restoration tasks are linked to various construction works and a bill of quantities, incorporating materials, on-site activities, and transportation, all based on established methods.



• R1 Armouring countermeasures and flow-altering/cofferdam (0.70/0.80/0.90/1.00) 

• R2 Temporary support per pier (0.70/0.80/0.90/1.00)

• R5 Repair cracks and spalling with epoxy and/or concrete (0.50/0.70/0.85/1.00)

• R6 Re-alignment and/or levelling of pier (0.50/0.70/0.85/1.00) 

• R11 Erosion protection measures (0.70/0.80/0.90/1.00) 

• R12 Rip rap and/or gabions for filling of scour hole and scour protection (0.70/0.80/0.90/1.00) 

• R14 Ground improvement per foundation (0.70/0.80/0.90/1.00) 

• R15 Installation of deep foundation system (1.00/1.00/1.00/1.00) 

• R16 Extension of foundation footing  (1.00/1.00/1.00/1.00) f 

• R23 Demolish/replacement (part) of the bridge (1.00/1.00/1.00/1.00) a pier, and two decks are 
being replaced, thus R1, R18, 19, and R22 are considered.

Restoration tasks considered
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Presenter Notes
Presentation Notes
Nine scour depths ranging from 1.0 to 5.0m with a step of 0.5m were analysed. Only one pier foundation was scoured. These scenarios lead to a sequence of restoration tasks (R), for various damage states: minor (1, 11, 12, 14, 5), moderate (1, 11, 6, 12, 14, 16, 15, 5), extensive (1, 11, 6, 12, 14, 2, 16, 5, 15), and severe (1, 11, 6, 12, 14, 2, 5, 16, 15, 23). Below, the task ID is followed by the name, weighing factors for damage states (minor/moderate/extensive/severe), and the description of materials and processes.



• The global warming potential (GWP) in tCO2e 

• λf - scalar factor for task duration, Q – quantity, F – 
carbon factor

• Biogenic and land use emissions are generally less than 5 % of 
GWP total – not included

• Two main emission groups: 
o capital/upfront emissions - construction works included in the 

restoration tasks (here A1-A5 cradle to practical completion)
o user/ancillary emissions - traffic re-routing, pavement degradation

• Functional/equivalent unit: restoration task 

• Life cycle inventory (UK data and literature)

Embodied carbon assessments

tCO2ej =� λ𝑓𝑓Q𝑖𝑖,𝑚𝑚F𝑖𝑖,𝑚𝑚
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Presenter Notes
Presentation Notes
For the assessment, the system boundaries adopted here correspond to a ‘cradle-to-practical completion’ approach (A1-A5), with some limitations (e.g. biogenic and land use not included). The capital carbon for A1-A5 was calculated for each restoration task (Ri). 



Conversion factors kgCO2e/unit Conversion factors kgCO2e/unit

Concrete C25/30 - CEM 1 0.142/kg Fibreglass 1.540/kg

Concrete UK C25/30 (25% GGBS) 0.130/kg FRP 5.000/kg

Steel rebar global avg 2.289/kg Epoxy 5.700/kg

Steel rebar UK 97% recycled EAF 0.835/kg Rubber 2.660/kg

Stone 0.138/kg Bearings 1.630/kg

Timber (sawn) 0.587/kg Water supply 0.344/m3

Portland cement, CEM I 0.860/kg Diesel (100% mineral) * 3.314/l

Mineral aggregate 0.003/kg Diesel (biofuel blend) * 3.156/l

Asphalt 0.380/kg Electricity UK 0.233/kWh

PVC pipe 2.560/kg Articulated diesel HGV 0.776/km

tCO2ej =� λ𝑓𝑓Q𝑖𝑖,𝑚𝑚F𝑖𝑖,𝑚𝑚
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Life cycle inventory
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Further details in Table A1 in Mitoulis et al. (2023)

Presenter Notes
Presentation Notes
The life cycle inventory included data available in the UK literature - Further details in Table A1 in Mitoulis et al. (2023)



Task
Conventiona
l materials 

(tCO2e)

On-site 
activities 
(diesel) 
(tCO2e) 

Trans-
portation 
(diesel)  
(tCO2e)

Total  
(tCO2e)

Low carbon 
solution(1) (%)

Influence of 
duration(2)  

(%)

R1 16.9 63.6 0.1 80.6 -14.9 ±49.8

R2 2.7 4.9 0.1 7.7 -9.6 ±30.6

R5 18.3 1.1 1.2 20.6 -17.6 ±3.8

R6 3.4 0.7 0.1 4.2 -13.4 ±7.5

R11 645.5 29.0 3.5 678.0 -4.6 ±1.7

R12 21.7 2.5 0.1 24.3 -1.0 ±6.1

R14 29.0 5.0 0.3 34.3 -1.3 ±7.0

R15 235.0 113.9 0.4 349.2 -38.3 ±10.5

R16 346.5 16.2 0.2 362.9 -57.4 ±1.7

R23 1867.1 112.8 5.7 1985.6 -56.7 -3.3

(1) replacement of main construction materials and fuel with low-carbon alternatives 
(2) increase/decrease of carbon corresponding to the use of onsite equipment and machinery [3]

Assessment results
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Presenter Notes
Presentation Notes
According to the table in the slide, tasks with more temporary works and fewer new materials (R1 and R2) have similar emissions from materials and equipment fuel consumption. Tasks with more new concrete and rebars have higher emissions from materials (R16). Both assessments assumed the same duration for all restoration tasks, regardless of the materials used. It is assumed that the use of low-carbon materials does not affect task duration and that these materials are available from the same manufacturers as conventional materials. Changes in task duration can impact on-site emissions, but materials and transportation remain constant. Longer construction tasks and associated materials can lead to a 50% increase in emissions due to higher fuel consumption by construction equipment (R1).



• The materials represent 21%-99% of the total emissions of the task (average 74%). 

• On-site activities represent 2%-100% of the total emissions, 

• Transportation <6% of the total emissions

Assessment results
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Presenter Notes
Presentation Notes
The figure on this slide presents the carbon associated with each restoration task. The emissions are divided into three categories: materials, on-site activities, and transportation. Materials can account for 21% to 99% of the emissions, with an average of 74% for all activities. On-site activities can represent 2% to 100% of the emissions, while transportation is up to 6%. Some restoration tasks have similar values to those found in the literature (i.e. construction activities contribute to 30% of the total, and transportation is around 4%). Using the approach from this assessment, of a recovery of an asset in a post-hazard condition, the designer is able to set a baseline as well as to investigate various carbon reduction strategies (e.g. low carbon materials, bio-fuels, etc.)
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Industry case studies: development of baselines

• Balfour Beatty Rail was responsible for track and minor civil works at London Bridge, including the 
installation of 158 S&C units and the renewal of approximately 38,000 meters of track.

• An initial baseline was calculated using high-level data from the tendering process, which revealed data 
gaps, particularly in certain work packages.

• A workshop with the client, design, and construction teams was held to improve data accuracy and raise 
awareness of carbon management. A follow-up meeting chaired by the Project Director assigned 
responsibility for data provision.

• Material data was derived from outline designs for each work package. Energy usage in the first two years 
was normalized and applied to the remaining work. The Rail Industry Carbon Tool was used to calculate 
the carbon baseline, ensuring transparency and traceability.

• Effective planning of baseline calculations and early buy-in from key individuals are essential for accurate 
baseline calculations and successful carbon management throughout the project.

Guidance Document for PAS 2080 – Case Study A2
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• WSP-Parsons Brinckerhoff Rail and Atkins served as the Lead Design Organization (LDO) for the Network 
Rail's electrification program from London to Oxford, Bristol, and South Wales.

• Carbon reduction study conducted at the Detailed Design stage focusing on embodied carbon in 
construction materials.

• Covered embodied carbon for Route Sections under LDO responsibility, and transportation and 
construction emissions were calculated by other contractors.

• Carbon Hotspots identified through RSSB Tool outputs, and reduction Opportunities were identified 
through
o Reducing Material Quantity: pile depth reduction and associated carbon savings estimated, and 

thinner OLE mast option introduced to reduce steel and carbon emissions.
o Changing Material Specification: using concrete mixes with higher levels of GGBS to reduce carbon, 

and limited opportunity to use reclaimed steel or low-carbon steel due to prior procurement.

Industry case studies: carbon emissions quantification

Guidance Document for PAS 2080 – Case Study A7
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Industry case studies: target setting

• Allies and Morrison Architects, in collaboration with Arup, developed a masterplan for Madinat Al Irfan, a 
mixed-use city district near Muscat International Airport, Oman.

• Aimed to be a model of sustainable urban development, setting benchmarks for infrastructure and carbon 
reduction.

• A study quantified emissions for the base case, identifying major sources as transport, energy, and potable 
water supply.

• Explicit performance targets were set for these systems through client-design team workshops, focusing on 
significant improvements beyond baseline conditions.

• Carbon emissions were not stated directly; instead, proxies were used to calculate the reductions.
• The target was to reduce per km travel emissions by encouraging walking and public transport over car use.
• Results indicate that:

o Capital carbon emissions for the building and infrastructure are similar between the Irfan Case and the 
Base Case.

o Forecast carbon emissions over 20 years for Madinat Al Irfan are 40% lower than the Base Case.
o Forecast costs for the Irfan development over 20 years are reduced by 44% compared to the baseline.

Guidance Document for PAS 2080 – Case Study B1
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Summary

• Selection of databases, life-cycle inventories and assessment steps

• Evaluation of upfront carbon for conventional and sustainable solutions

• Selected industry case studies for infrastructure carbon management
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