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Course Description 

This course provides an in-depth understanding of environmentally responsible 
material selection, use, and reuse. It addresses the environmental challenges 
associated with conventional materials and introduces strategies rooted in 
materials science, mechanical engineering, chemical engineering, and 
civil/structural engineering. Topics span the full lifecycle of engineering 
materials, including embodied energy analysis, waste reduction, upcycling 
technologies, and integration of low-carbon materials into design and 
construction. 

The course explores emerging material systems that support sustainable 
infrastructure, such as thermoelectric converters, passive phase-change 
systems, biopolymers, and carbon-capturing concretes. In addition, participants 
will be introduced to regulatory frameworks, lifecycle assessment (LCA) tools, 
and performance testing standards that ensure sustainability compliance in 
engineering practice. This course equips engineers with the knowledge to make 
informed material choices in alignment with circular economy principles. 

 

Learning Objectives 

Upon completion of this course, participants will be able to: 

• Analyze the lifecycle environmental impacts of construction and 
engineering materials using embodied energy and carbon accounting. 

• Evaluate the mechanical and durability performance of recycled and 
upcycled materials in real-world applications. 

• Apply circular economy principles, including modular design, disassembly, 
and reverse logistics, to material selection and systems design. 

• Understand the role of advanced materials in energy conversion, thermal 
management, and smart infrastructure. 

• Integrate sustainable material certifications, environmental product 
declarations (EPDs), and lifecycle assessment tools into engineering 
workflows. 

• Identify and specify low-impact, code-compliant materials within the 
contexts of civil, structural, mechanical, and chemical engineering. 

 

Intended Audience 

This course is designed for licensed professional engineers working in civil, 
structural, mechanical, chemical, environmental, and materials engineering 
fields. It is particularly relevant for those involved in infrastructure design, 
construction, materials specification, and sustainability compliance, including 
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engineers engaged in green building certification, public works, and lifecycle-
focused project planning. 
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Chapter 1: Introduction to Sustainable 
Engineering Materials 

 
Figure 1: Sustainable Materials Management (EPA) 

 

Global Resource and Waste Challenges in Engineering 

The engineering profession is increasingly shaped by the urgent need to mitigate 
environmental degradation, resource depletion, and climate instability. 
Traditional material choices in engineering, especially in sectors like civil, 
structural, and mechanical engineering, have long prioritized mechanical 
performance and economic cost over environmental consequences. However, 
the exponential increase in global material extraction, which reached 
approximately 100 billion tonnes annually by 2020, coupled with low circularity 
rates (only 8.6% of materials are recycled globally), underscores the 
unsustainable trajectory of current material systems (Circle Economy, 2021). 

Figure 1 shows the EPS’s sustainable materials management lifecycle of 
materials and products from material extraction, manufacturing, distribution, 
use and end-of-life. 

This resource intensity results in significant environmental pressures, including 
greenhouse gas (GHG) emissions, habitat destruction, pollution, and landfill 
overflow. Engineering materials such as concrete, steel, and polymers are major 
contributors to embodied carbon in infrastructure. Cement production alone 
accounts for approximately 7% of global CO₂ emissions (IEA, 2023). These figures 
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highlight the critical role engineers play in shaping a more sustainable future 
through informed material selection, specification, and lifecycle planning. 

 

Definitions: Sustainability, Circularity, Resilience, and 
Decarbonization 

Sustainability in engineering materials refers to the use of resources in a way 
that does not compromise the ability of future generations to meet their needs. 
It encompasses environmental protection, economic viability, and social equity. 
Circularity, a related concept, emphasizes maintaining materials in use for as 
long as possible through strategies such as reuse, remanufacturing, and 
recycling, thereby reducing reliance on virgin resource extraction. 

Resilience refers to the capacity of engineered systems and materials to 
withstand and adapt to stressors, including extreme weather, mechanical 
fatigue, and corrosion. In the sustainability context, this includes climate 
resilience and the ability to recover post-disaster with minimal environmental 
impact. Decarbonization involves the reduction of carbon emissions associated 
with material production and use, typically achieved through clean energy 
integration, alternative chemistries, and improved process efficiency. 

 

Overview of Material Impacts Across Engineering Disciplines 

In civil and structural engineering, materials such as concrete, steel, and asphalt 
dominate, contributing heavily to environmental burdens through energy-
intensive production and disposal challenges. Mechanical engineers often deal 
with metals and polymers in applications requiring high durability, while 
chemical engineers are involved in the synthesis and transformation of 
materials, which carries implications for toxicity, emissions, and waste. 

Lifecycle impacts are not uniform across these disciplines, and material 
performance must be considered in the context of service life, maintenance 
frequency, repairability, and end-of-life options. For instance, aluminum, while 
energy-intensive to produce, is highly recyclable with minimal quality loss, 
making it a more sustainable option over multiple life cycles in both mechanical 
and structural applications. 
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The Role of Engineers in Sustainable Development Goals 
(SDGs) 

The United Nations Sustainable Development Goals (SDGs), particularly SDG 9 
(Industry, Innovation, and Infrastructure), SDG 11 (Sustainable Cities and 
Communities), and SDG 12 (Responsible Consumption and Production), directly 
implicate engineers in the global sustainability mission. Engineers contribute 
through design, construction, material sourcing, and operational strategies that 
align with these goals. Ethical practice now increasingly includes considerations 
of environmental justice, intergenerational equity, and biodiversity conservation 
(UN, 2015). 

Professional institutions such as the American Society of Civil Engineers (ASCE), 
Institution of Civil Engineers (ICE), and American Institute of Chemical Engineers 
(AIChE) have incorporated sustainability into their codes of ethics and continuing 
education requirements, reinforcing the profession's duty to innovate 
responsibly. 

 

Lifecycle Thinking and Life Cycle Assessment (LCA) 
Fundamentals 

Lifecycle thinking involves evaluating a product or system from cradle to grave, 
considering all stages including raw material extraction, manufacturing, 
transportation, use, and end-of-life disposal or recycling. This approach is 
foundational in assessing and improving material sustainability. 

Life Cycle Assessment (LCA) is the quantitative method used to perform this 
evaluation. It adheres to ISO 14040 and ISO 14044 standards, and comprises 
four main phases: 

 

1. Goal and Scope Definition: Clarifies the system boundaries and purpose 
of the assessment. 

2. Inventory Analysis (LCI): Catalogues energy and material inputs and 
outputs. 

3. Impact Assessment (LCIA): Quantifies potential environmental effects, 
such as GWP (global warming potential), acidification, and eutrophication. 

4. Interpretation: Synthesizes results and guides decision-making. 

 

For example, an LCA comparing recycled steel to virgin steel reveals a reduction 
in energy consumption by approximately 60% and GHG emissions by over 50%, 
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depending on regional energy mixes (World Steel Association, 2020). This 
quantitative insight informs specification decisions in engineering design. 

Table 1 highlights the stark contrast in environmental performance between 
virgin and recycled materials, underscoring the importance of lifecycle-informed 
decision-making. 

 

Table 1: Simplified Comparison of Environmental Impacts of Common Structural 
Materials (per ton) 

Material 
Embodied Energy 
(MJ) 

CO₂ Emissions (kg) Recyclability (%) 

Virgin Steel 35,000 2,000 90–95 

Recycled Steel 14,000 0.9–1.0 tonnes 100 

Portland Cement 5,000 900 Low 

Recycled Concrete 1,500 200 Medium 

 

Conclusion 

Material sustainability is not a peripheral concern but a core element of 
responsible engineering practice. Through the principles of lifecycle thinking, 
circularity, and decarbonization, engineers are equipped to make decisions that 
extend beyond structural performance and cost. These decisions impact 
ecosystems, communities, and long-term resource availability. The profession’s 
alignment with global sustainability frameworks places engineers at the 
forefront of solutions to planetary challenges. As material science and policy 
evolve, the ability to integrate environmental considerations into technical 
design will distinguish the competent, forward-looking engineer. 
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Chapter 2: Material Life Cycle and 
Environmental Metrics 

 
Figure 2: Cradle-to-cradle (C2C) model 

Credit: Felix Joerg Mueller, via Wikimedia Commons 

 

Cradle-to-Cradle vs. Cradle-to-Grave Models 

The distinction between cradle-to-cradle and cradle-to-grave models represents 
a fundamental shift in how materials are conceptualized and managed 
throughout their lifecycle. The cradle-to-grave model, traditionally employed in 
industrial and civil engineering, views material life as a linear progression: from 
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resource extraction, through use, to disposal. This model has underpinned 
much of modern engineering practice but is increasingly criticized for its 
unsustainable outcomes, including high volumes of landfill waste, toxic 
emissions, and irreversible material loss (Graedel & Allenby, 2003). 

Conversely, the cradle-to-cradle (C2C) model advocates a regenerative approach. 
Materials are designed with the intention of being reused, remanufactured, or 
safely reintegrated into the environment as biological nutrients. The C2C 
philosophy, formalized by McDonough and Braungart (2002), distinguishes 
between biological cycles (where materials biodegrade safely) and technical 
cycles (where materials are perpetually circulated in closed loops; see Figure 2). 
This model has gained traction in sustainable building certification systems, such 
as LEED and BREEAM, and is particularly relevant for engineers working on 
product lifecycle extension, modular construction, and deconstruction planning. 

 

Embodied Energy and Carbon Accounting 

Embodied energy refers to the total energy consumed during the entire life cycle 
of a material, from raw material extraction to manufacturing, transportation, 
installation, and end-of-life processing. Embodied carbon represents the 
associated carbon dioxide emissions. These metrics are crucial for engineers 
seeking to evaluate the environmental performance of materials beyond their 
operational energy use. 

In civil infrastructure, embodied emissions can account for up to 50% of a 
building's total lifecycle emissions, particularly in low-energy buildings where 
operational emissions are minimized (Pomponi & Moncaster, 2017). Material 
choices, sourcing strategies, and transportation distances all affect embodied 
values. For instance, locally sourced recycled aggregate concrete may 
significantly reduce embodied emissions compared to imported virgin 
aggregates. 

 

Formula 1: Embodied Energy Calculation 

 
Where: 

Etotal = Total embodied energy (MJ) 
Qi = Quantity of material i (kg or m³) 
EIi = Embodied energy intensity of material i (MJ/kg or MJ/m³) 

!!"!#$ =      ("% x !#%)
%=1 
∑
&
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This formula is essential for engineers performing whole-building LCA or 
evaluating retrofit strategies. 

 

Durability, Repairability, and Longevity as Design Metrics 

While embodied metrics are vital, they must be contextualized with durability 
and lifespan. A material with higher initial embodied energy but a longer lifespan 
may outperform a less durable counterpart in total lifecycle emissions. 
Engineers must weigh repairability, ease of maintenance, and resistance to 
environmental stressors such as corrosion, freeze-thaw cycles, and UV exposure. 

For example, stainless steel, though energy-intensive to produce, offers 
corrosion resistance and long service life, making it ideal for marine and bridge 
applications. Similarly, engineered wood products such as CLT offer a balance of 
low embodied energy and structural resilience when properly protected. 

 

Tools for LCA: GaBi, SimaPro, and openLCA 

Several software tools are available to support lifecycle analysis in engineering 
practice. These tools utilize extensive databases (e.g., Ecoinvent, USLCI, ELCD) to 
model environmental impacts: 

• GaBi: Developed by Sphera, widely used in industrial and academic 
settings for complex product systems. 

• SimaPro: A versatile LCA tool featuring detailed impact assessment 
methods such as ReCiPe and TRACI. 

• openLCA: An open-source platform allowing customizable LCA workflows 
and integration with multiple datasets. 

 

These tools enable engineers to model “what-if” scenarios, compare alternative 
materials, and comply with green building certifications requiring LCA 
submission. 

 

Case Study: Recycled vs. Virgin Steel in Structural Frames 

A comparative lifecycle assessment was conducted for a mid-rise commercial 
office building in a temperate climate, where sustainability was a core design 
criterion. The project team faced a key material decision: whether to specify 
virgin steel, with known mechanical and structural performance, or to use 
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recycled steel, which offered environmental benefits but posed challenges in 
sourcing and fabrication consistency. 

 

Background: The building design included a structural frame system using 
approximately 500 tonnes of steel. The original specification used virgin steel 
due to procurement familiarity and guaranteed uniformity. However, the 
developer, aiming for LEED Platinum certification, requested a full 
environmental impact analysis of alternative materials. 

What Was Done: An LCA team used SimaPro software to evaluate the 
environmental impact of the steel frame using both virgin and recycled content. 
The recycled steel was sourced from an Electric Arc Furnace (EAF) producer 
within 300 miles of the construction site, whereas the virgin steel was imported 
from a Basic Oxygen Furnace (BOF) mill overseas. Both designs were analyzed 
using equivalent structural models. 

The team examined the entire material lifecycle: raw material extraction, 
steelmaking, transportation, fabrication, use, and end-of-life. Emission factors 
were drawn from the Ecoinvent 3.6 database, ensuring methodological rigor. 

Table 2 illustrates the total GHG emissions (in kg CO₂-equivalent) across lifecycle 
stages. Recycled steel demonstrates a 56% reduction in total emissions, 
primarily due to savings in the production phase. 

 

Table 2: Lifecycle Emissions Comparison – Virgin vs. Recycled Steel Frame 
Lifecycle Stage Virgin Steel (kg CO₂-eq) Recycled Steel (kg CO₂-eq) 

Extraction/Processing 1,800 650 

Fabrication 400 300 

Transportation 150 140 

Use Phase 0 0 

End-of-Life -200 (credit) -350 (credit) 

Total 2,150 740 

 

Lessons Learned: 

• Environmental Benefit: The LCA confirmed that recycled steel reduced 
total embodied carbon by over 65%, with no compromise on structural 
safety. 

• Supply Chain Consideration: Close collaboration with the supplier 
ensured consistent chemical composition and mechanical properties. 
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• Cost-Benefit Analysis: While recycled steel carried a slightly higher unit 
cost, the project qualified for additional LEED points, unlocking financial 
incentives. 

• Specification Update: The engineering team revised their standard 
material specification guidelines to allow EAF-sourced steel when 
performance criteria are met. 

 

This case underscores the transformative role of LCA in material decision-
making, empowering engineers to balance sustainability with functional 
performance. 

 

Conclusion 

Understanding and applying environmental metrics such as embodied energy, 
embodied carbon, and durability are essential for modern engineering practice. 
Lifecycle-based thinking enables engineers to move beyond upfront 
performance and cost considerations, embracing a systems-level view of 
sustainability. Whether evaluating recycled steel, low-carbon concrete, or 
emerging bio-based materials, lifecycle tools and frameworks empower 
engineers to design with foresight and accountability. In doing so, they 
contribute to infrastructure that is not only structurally sound but 
environmentally responsible. 
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Chapter 3: Recycling Science and 
Engineering Applications 

 
Figure 3: Sustainable Engineering Materials (NIST) 

 

Thermomechanical Behavior of Recycled Materials 

Recycling engineering materials is not merely a logistical or economic endeavor, 
it is fundamentally a matter of physical science. The mechanical and thermal 
histories of materials significantly influence their recyclability, performance, and 
longevity in secondary applications. During recycling processes, especially those 
involving thermal treatments such as melting or extrusion, materials experience 
microstructural changes that affect their mechanical integrity. 

Metals, such as aluminum and steel, generally retain their crystalline structure 
when remelted, but issues such as contamination, oxidation, and grain 
boundary degradation may arise. In polymers, the thermomechanical 
degradation is more pronounced. Recycled thermoplastics such as polyethylene 
terephthalate (PET) and high-density polyethylene (HDPE) undergo chain 
scission, which reduces molecular weight and deteriorates mechanical 
properties such as tensile strength and impact resistance (Hopewell et al., 2009). 
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To mitigate these effects, stabilizers, chain extenders, and compatibilizers are 
often introduced during the recycling process. For instance, adding epoxy-
functional oligomers to recycled PET can restore molecular integrity and 
enhance processability. 

 

Limitations and Degradation: Fatigue, Creep, Corrosion 

Engineered systems often operate under long-term mechanical, thermal, or 
chemical loading, which recycled materials must be able to endure. Fatigue, the 
progressive and localized structural damage that occurs when a material is 
subjected to cyclic loading, can be exacerbated in recycled metals due to the 
presence of inclusions or micro-cracks introduced during remelting or 
reformation. 

In polymers, creep, time-dependent plastic deformation under constant load, is 
a critical concern. Recycled HDPE, for example, demonstrates increased creep 
deformation due to shortened polymer chains and reduced crystallinity 
(Vilaplana & Karlsson, 2008). 

Corrosion in recycled steel components, particularly those with residual slag 
inclusions or inconsistent alloy compositions, poses risks in structural 
applications. Engineers must assess corrosion resistance through accelerated 
environmental testing before approving recycled metals for outdoor or marine 
applications. 

 

Engineering Polymers: PET, HDPE, ABS, and Their Recyclability 

Thermoplastics dominate the recyclable plastics market due to their ability to 
soften upon heating and harden upon cooling without significant chemical 
change.  

Common engineering-grade thermoplastics include: 

• Polyethylene Terephthalate (PET): Widely used in packaging, it is 
recyclable into fibers, sheets, and new containers. Challenges include 
yellowing and reduced IV (intrinsic viscosity) after multiple cycles. 

• High-Density Polyethylene (HDPE): Used in piping, tanks, and structural 
panels, HDPE has robust recyclability but suffers mechanical 
downgrading. 

• Acrylonitrile Butadiene Styrene (ABS): Common in automotive and 
electronic housings, ABS is recyclable but vulnerable to phase separation 
and loss of toughness unless properly reprocessed. 
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To maintain performance, these polymers often require compounding with 
virgin resin or additives. Multi-layered or filled plastics present significant 
recyclability barriers due to the complexity of separation. 

 

Industrial-Scale Metal Recycling: Aluminum, Steel, Copper 

Metals are among the most valuable materials for industrial recycling. Their 
recyclability is primarily attributed to their non-degradable atomic structures 
during thermal processing. However, each metal presents unique technical 
considerations: 

• Aluminum: Often recycled using induction or reverberatory furnaces. 
Scrap must be sorted by alloy to avoid downgrading mechanical 
properties. Oxidation losses are common, necessitating the use of fluxes. 

• Steel: Most recycled material globally. Steel scrap is processed in Electric 
Arc Furnaces (EAFs), allowing high energy efficiency and reduced CO₂ 
emissions. Tramp elements (e.g., copper, tin) must be controlled. 

• Copper: Highly conductive and valuable, but susceptible to contamination 
by aluminum or iron. Scrap quality strongly influences the suitability for 
electrical applications. 

 

Lifecycle assessments consistently show that recycling these metals saves over 
70–90% of the energy required for virgin production (Das et al., 2018). 

 

Closed-Loop vs. Open-Loop Recycling Models in Civil 
Infrastructure 

In civil engineering, two recycling paradigms are relevant: 

Closed-loop recycling involves reprocessing a material into the same product or 
application, such as using structural steel scrap to produce new structural 
beams. This model retains material performance but requires precise 
segregation and quality control. 

Open-loop recycling or downcycling refers to transforming materials into 
products of lower value or performance, such as using recycled concrete as road 
base aggregate. While less desirable, it retains materials in the economy and 
reduces virgin material demand. 

For example, waste concrete from demolished buildings may not meet 
compressive strength or contamination criteria for reuse as structural concrete. 
However, when crushed and screened, it can serve as sub-base in road 
construction, where mechanical requirements are less stringent. 
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Table 3 illustrates the distinction between closed-loop and open-loop systems. 
Closed-loop models preserve material function and value, while open-loop 
systems maintain resource utility but often sacrifice quality or versatility. 

 

Table 3: Recycling Loop Types for Structural Materials 
Recycling Type Material Flow Typical Use Case 

Closed-loop Material reused in same form Steel beams to new steel beams 

Open-loop 
Material used in downgraded 
form 

Concrete to road sub-base 

 

 

Conclusion 

Recycling in engineering is both a scientific and a systems-based challenge. It 
requires an understanding of how thermomechanical processes affect material 
properties, how degradation modes may influence secondary use, and how 
industrial systems can enable high-quality recycling. Metals offer robust 
recyclability with proper sorting and contamination control, while polymers 
require more careful chemical and mechanical management. By distinguishing 
between closed-loop and open-loop recycling, engineers can prioritize high-
value applications and reduce lifecycle environmental burdens. Effective 
recycling strategies can thus significantly extend material utility and support 
broader circular economy goals. 
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Chapter 4: Upcycling Techniques and 
Value Retention Strategies 

Principles of Material Revalorization 

Upcycling is the process of transforming waste materials or byproducts into new 
materials or products of higher quality or environmental value. Unlike recycling, 
which often results in a degradation of material properties (downcycling), 
upcycling aims to retain or even enhance material performance. This concept is 
increasingly gaining prominence in civil, structural, and manufacturing sectors, 
particularly as part of broader circular economy frameworks. 

Material revalorization relies on engineering innovations that enable recovery of 
intrinsic material value through design, processing, and structural 
transformation. Successful upcycling strategies avoid energy-intensive 
remanufacturing and instead emphasize modular redesign, additive processing, 
surface modification, or hybridization with other materials. 

 

Structural and Performance Analysis of Upcycled Composites 

Upcycled composites are materials created by re-engineering waste feedstocks 
into performance-graded structural components. For instance, wood-plastic 
composites (WPCs), produced by combining reclaimed wood flour with recycled 
polyethylene, demonstrate improved moisture resistance and dimensional 
stability over traditional timber in decking and façade applications (Najafi, 2013). 

Another example includes glass fiber reinforced polymer (GFRP) waste 
transformed into particulate fillers for polymer concrete. Despite initial concerns 
regarding interfacial bonding, advancements in coupling agents (e.g., silanes) 
have significantly improved matrix compatibility, enabling use in non-structural 
architectural elements. 

Performance metrics for upcycled composites must be rigorously tested. These 
include flexural strength, modulus of elasticity, impact resistance, and long-term 
creep behavior. ASTM D790 and ISO 178 standards provide relevant test 
procedures. Engineers must ensure that reprocessed materials meet the 
performance thresholds required by application codes, especially when 
integrated into the built environment. 
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Additive Manufacturing with Waste Feedstocks 

Additive manufacturing (AM), particularly fused filament fabrication (FFF), 
enables high-value upcycling by directly converting plastic waste into printable 
filament. Polymers such as PLA, PETG, and ABS are commonly reprocessed into 
feedstock for 3D printing, either through mechanical grinding and extrusion or 
through solvent-based purification. 

Industrial-scale applications include printing custom formwork, replacement 
parts, or architectural panels using reprocessed plastics. The combination of 
parametric design and upcycled materials allows for geometric freedom and 
localized material optimization. However, quality control in recycled filament 
production is critical, parameters such as melt flow index (MFI), residual 
moisture content, and particle dispersion must be monitored to avoid print 
failures and structural inconsistencies. 

 

Upcycling of Electronic Waste and Rare Earth Recovery 

 
Figure 4: Electronic waste recycling rate 

Credit: OurWorldinData.org, via Wikimedia Commons 

 

Figure 4 above shows the percentage of total electronic waste that was recycled 
between 2010 to 2019. 

Electronic waste (e-waste) presents a unique opportunity for upcycling due to its 
high content of valuable metals, rare earth elements (REEs), and functional 



Modern Materials   Recycling, Upcycling, and Circular Economy 

  16 

components. Traditional e-waste recycling methods often rely on smelting or 
chemical leaching, which carry environmental and occupational hazards. 

Advanced upcycling techniques involve: 

• Selective dismantling and re-use of functional subcomponents (e.g., 
capacitors, ICs) 

• Bioleaching of REEs using engineered bacteria, offering low-energy and 
low-toxicity alternatives (Bose & Bhattacharyya, 2021) 

• Mechanochemical processing to recover materials like neodymium from 
hard disk drives without toxic solvents 

Recovered rare earths are being reintroduced into permanent magnets and 
energy storage devices, supporting supply chain resilience in renewable energy 
infrastructure. 

 

Architectural and Structural Reuse: Methods, Testing, and 
Limitations 

Architectural upcycling involves the reuse of structural or finish components 
from deconstructed buildings. Examples include reclaimed brick, dimensional 
lumber, steel beams, and precast concrete panels. While this approach offers 
aesthetic and environmental benefits, it poses several engineering challenges: 

 

• Material characterization: Nondestructive testing (NDT) methods such as 
ultrasonic pulse velocity (UPV) and rebound hammer testing are used to 
assess residual strength. 

• Standard compliance: Components must meet current load-bearing and 
fire-resistance codes. For example, reclaimed steel must be tested for 
tensile strength and weldability per ASTM A370. 

• Logistics: Transport, sorting, and inventory tracking require digital tagging 
systems such as Building Information Modeling (BIM)-integrated material 
passports. 

A notable case is the reuse of heavy timber beams from demolished industrial 
buildings in contemporary office structures, where original material was 
strength-graded and reinforced with steel flitch plates to meet seismic codes. 

Figure 1 depicts the transformation of salvaged wood beams through grading, 
reinforcement, and integration into a new structural system, highlighting 
material circularity in construction. 
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Table 4: Engineering Lifecycle of Upcycled Structural Timber 
Stage Engineering Action Performance Goal 

Deconstruction 
Beam extraction and damage 
assessment 

Minimize physical degradation 

Testing 
Strength grading, NDT, moisture 
content 

Confirm code compliance 

Reinforcement 
Bolted steel plates or epoxy 
composites 

Increase moment capacity 

Integration 
BIM modeling and new 
structure fit-out 

Maximize lifespan and functional 
value 

 

Conclusion 

Upcycling in engineering presents a powerful mechanism for material 
conservation and performance enhancement. By shifting focus from waste 
management to material revalorization, engineers can unlock new material 
streams and reduce dependence on virgin resources. Whether through 
composite innovation, additive manufacturing, e-waste processing, or structural 
component reuse, the success of upcycling depends on rigorous testing, creative 
design integration, and interdisciplinary collaboration. When correctly applied, 
upcycling strategies elevate not only environmental outcomes but also the 
technological sophistication of engineered systems. 
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Chapter 5: Circular Economy Frameworks 
and Systems Thinking 

 
Figure 5: Circular Economy of Concrete 

Credit: Gaslord, via Wikimedia Commons 

 

Material Flow Analysis (MFA) and Urban Metabolism 

Circular economy frameworks in engineering rest on the principle of decoupling 
economic growth from resource consumption and environmental degradation. 
Central to these frameworks is Material Flow Analysis (MFA), a systematic 
method of quantifying the flows and stocks of materials within a defined system, 
commonly a city, region, or industrial process. MFA is used to evaluate the 
inflow, use, transformation, and outflow of materials, enabling the identification 
of inefficiencies, leakage points, and opportunities for recirculation. 

MFA data are typically visualized using Sankey diagrams, which graphically 
represent the magnitude and direction of material flows. These insights can be 
integrated into urban metabolism models, which conceptualize cities as living 
systems that consume, transform, and expel resources. Through this lens, 
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engineers can design material systems that mimic ecological cycles, emphasizing 
reuse, adaptability, and low-waste outputs (Kennedy et al., 2007). 

In infrastructure projects, MFA is increasingly used to identify high-impact 
interventions, such as substituting virgin aggregate with construction and 
demolition waste (CDW), recovering metals from waste incineration ash, or 
integrating water reuse systems into urban drainage networks. 

 

Circular Construction Models: Design for Disassembly (DfD) 
and Modularity 

The traditional “design-build-discard” paradigm is fundamentally incompatible 
with circular economy objectives. In response, engineers are adopting Design 
for Disassembly (DfD) and modular construction principles. DfD involves 
designing building components and assemblies so they can be easily taken apart 
and reused or recycled at the end of life. 

This approach influences decisions at multiple design levels: 

• Material selection: Preference for reversible fasteners (e.g., bolts over 
adhesives), corrosion-resistant metals, and separable composite systems 

• Structural systems: Beam-column configurations that permit dismantling 
without load path disruption 

• Architectural design: Use of dry-joint facades and modular partitions to 
enable interior repurposing 

Modular construction, often employed in prefabricated buildings, supports 
circularity through offsite fabrication, reduced waste generation, and 
straightforward component reconfiguration. Case studies from the Netherlands 
and Scandinavia show that modular schools and offices have been successfully 
relocated and reassembled, extending asset life and reducing lifecycle impacts 
(Durmisevic et al., 2020). 

 

Infrastructure Case Study: Circular Bridges and Modular 
Housing 

A compelling example of circular construction is the Circular Viaduct Project in 
the Netherlands. This project involved a prefabricated bridge designed with 
bolted joints, modular spans, and standardized dimensions, enabling full 
disassembly and relocation. Materials such as high-strength steel and low-
carbon concrete were selected for durability and recyclability. 

Similarly, the IKEA BoKlok Modular Housing Initiative uses standardized timber 
modules to deliver affordable, energy-efficient housing with minimal onsite 



Modern Materials   Recycling, Upcycling, and Circular Economy 

  20 

waste. These structures are designed for reconfiguration and relocation, with 
building passports embedded into BIM models for lifecycle tracking. 

 

Deconstruction Planning, Logistics, and Recovery Rate 
Optimization 

Deconstruction, as opposed to demolition, involves the systematic disassembly 
of buildings to maximize material recovery. Engineers must engage in pre-
demolition audits, which catalogue salvageable materials and identify 
hazardous components. Tools such as Salvage Decision Trees and material 
inventories integrated with BIM facilitate efficient planning. 

Key considerations include: 

• Sequencing: Disassembling in reverse construction order to minimize 
damage 

• Storage and handling: Protecting reclaimed materials from weathering or 
contamination 

• Recovery rates: Targeting >80% salvage for timber and metals; ~50% for 
concrete depending on reinforcement and contamination 

Deconstruction logistics also demand supply chain coordination to link material 
availability with demand in secondary markets. Geographic information systems 
(GIS) can help identify reuse hubs and transportation efficiencies. 

 

Reverse Logistics and Distributed Materials Systems 

In a circular economy, reverse logistics refers to the network of processes that 
return used materials back into the production cycle. Engineers play a critical 
role in designing and optimizing these flows, which involve: 

• Collection: Sorting at source, smart bins, and RFID-tagged components 
• Transportation: Route optimization and consolidation for recovered 

materials 
• Reprocessing: Mobile recycling units or localized treatment centers 

 

An emerging strategy is the distributed materials system, wherein 
decentralized micro-factories process and repurpose construction waste near 
the site of generation. This minimizes transportation emissions and enables just-
in-time material availability. Additive manufacturing and automated sorting 
technologies enhance the viability of these systems in both urban and rural 
contexts. 
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Table 5 outlines the lifecycle of a modular building element through design, use, 
disassembly, reuse, and redistribution. Feedback loops represent the iterative 
nature of circular engineering. 

 

Table 5: Circular Engineering Workflow for a Prefabricated Structure 
Phase Engineering Action Circular Objective 

Design 
Modular dimensions, disassembly 
strategy 

Maximize reuse potential 

Construction Prefabrication and assembly 
Reduce waste and increase 
efficiency 

Use Phase Monitor performance and modularity Enable adaptability 

Deconstruction 
Disassemble and catalogue 
components 

Facilitate material recovery 

Redistribution Transport and reinstall modules Close the material loop 

 

Conclusion 

Circular economy frameworks challenge engineers to move beyond linear 
material thinking and toward regenerative, systems-based design. Through 
methods such as MFA, DfD, modularization, and reverse logistics, engineers can 
operationalize circularity at scale. Projects such as modular housing and 
disassemblable bridges illustrate how innovation in design, materials, and 
logistics can reduce waste, extend material life, and contribute to more resilient 
infrastructure. As digital tools mature and material traceability improves, circular 
engineering will become a defining feature of sustainable development in the 
built environment. 
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Chapter 6: Sustainable Materials for Civil 
and Structural Applications 

Low-Carbon Concrete: Fly Ash, GGBFS, and Alkali-Activated 
Binders 

Concrete is the most widely used construction material globally, but its 
production, particularly the manufacture of Portland cement, contributes nearly 
7% of total global CO₂ emissions (IEA, 2023). To mitigate this impact, engineers 
are turning to supplementary cementitious materials (SCMs) and alternative 
binders that reduce the embodied carbon of concrete while maintaining or 
enhancing performance. 

Fly ash, a byproduct of coal combustion, is pozzolanic and reacts with calcium 
hydroxide in the presence of water to form additional cementitious compounds 
(see Figure 6 (a) below). Class F fly ash is widely used for its long-term strength 
gain and reduced permeability. Ground granulated blast furnace slag (GGBFS), 
a byproduct of steel production, is hydraulically active and often blended with 
Portland cement to enhance sulfate resistance and durability (Figure 6 (b)). 

More recently, alkali-activated binders, often referred to as geopolymers, have 
emerged as low-carbon alternatives (Figure 6 (c)). These binders are synthesized 
from aluminosilicate sources (such as fly ash or metakaolin) activated with 
alkaline solutions (e.g., sodium silicate). They offer excellent chemical resistance 
and thermal stability, making them suitable for infrastructure exposed to 
aggressive environments (Davidovits, 2015). 

 

 
Figure 6: Low Carbon Concrete 

Credit: (b) Lanovik, (c) Giám Định, via Wikimedia Commons 

 

(a) Fly ash (b) Ground granulated and 
granulated blast furnace slag

(c) Geopolymer granule
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Recycled Aggregate Concrete: Mechanical Properties and Mix 
Design 

Recycled concrete aggregate (RCA) is produced by crushing waste concrete and 
removing contaminants such as rebar, wood, and plastics. Its use in structural 
applications has gained traction, though challenges remain due to variability in 
source material and residual mortar content. 

Engineering analysis has shown that, when properly graded and processed, RCA 
can replace up to 30% of natural coarse aggregate in structural concrete with 
minimal reduction in compressive strength (Kou & Poon, 2012). Higher 
replacement levels are suitable for non-structural applications such as sub-base, 
lean concrete, and pervious pavements. 

Critical parameters in RCA mix design include: 

• Water-cement ratio (w/c): Must be controlled to mitigate higher 
absorption by RCA. 

• Admixtures: Superplasticizers and water-reducers are often used to 
maintain workability. 

• Aggregate grading: Proper size distribution ensures good packing and 
load transfer. 

Standardized testing per ASTM C33 and C39 ensures the suitability of RCA in 
various applications. 

 

CLT, Glulam, and Engineered Bio-Based Materials 

Engineered timber systems such as cross-laminated timber (CLT) and glued 
laminated timber (glulam) offer sustainable alternatives to steel and concrete in 
mid-rise construction. These materials are derived from fast-growing softwoods 
and exhibit favorable strength-to-weight ratios, seismic performance, and 
carbon sequestration capabilities. 

CLT panels are manufactured by cross-laminating layers of solid-sawn lumber, 
enhancing dimensional stability and stiffness. Glulam is fabricated by bonding 
layers of timber with structural adhesives, allowing long-span applications. Life 
cycle assessments have shown that buildings using mass timber systems can 
reduce embodied carbon by 40–60% compared to conventional materials 
(Pasanen et al., 2021). 

Challenges include moisture sensitivity, fire resistance, and code compliance. 
Recent code updates, such as the 2021 International Building Code (IBC), now 
permit CLT buildings up to 18 stories with appropriate fire safety provisions. 
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Steel Reuse: Structural Integrity, Fatigue Reanalysis, and 
Welding Constraints 

Reusing steel members from deconstructed buildings can significantly reduce 
embodied emissions and material demand. However, engineers must evaluate 
the structural integrity of reclaimed steel through rigorous testing. 

Key considerations include: 

• Fatigue history: Visual inspection, ultrasonic testing (UT), and magnetic 
particle testing (MT) help identify fatigue cracks and residual stresses. 

• Chemical composition: Spectrometry or portable XRF analysis ensures 
compliance with applicable standards. 

• Weldability: Older steels may lack uniformity or alloy control, 
necessitating preheating or specialized electrodes. 

Designers can incorporate reused steel into new structures by applying 
conservative design factors and ensuring full documentation. Projects such as 
the Park 20|20 development in the Netherlands demonstrate successful steel 
reuse in commercial buildings, integrated with BIM-based traceability. 

 

Sustainability-Driven Material Codes and Design Criteria 

To support sustainable materials integration, several codes and standards have 
evolved: 

 ASTM E2129: Standard Practice for Data Collection for Sustainability 
Assessment of Building Products 

 EN 15804: European standard for Environmental Product Declarations (EPDs) 

 LEED v4.1: Awards points for life-cycle optimized building products, including 
recycled content, bio-based materials, and third-party verified EPDs 

 ISO 21930: Sustainability in building construction, Environmental declaration of 
building products 

These frameworks require engineers to consider material impacts beyond 
structural performance, including toxicity, renewability, maintenance needs, and 
end-of-life scenarios. 

Table 6 below compares the embodied carbon and energy intensity of common 
structural materials, reinforcing the potential of engineered timber and recycled 
concrete to support sustainability objectives. 
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Table 6: Comparison of Structural Material Environmental Impacts 

Material 
Embodied Carbon 
(kg CO₂-eq/ton) 

Embodied Energy 
(MJ/ton) 

Recyclability (%) 

Portland Cement 900 5,000 Low 

Recycled Concrete 200 1,500 Medium 

Structural Steel 2,000 35,000 90–95 

Reused Steel 700 14,000 100 

Cross-Laminated 
Timber 

-1,100 (net 
sequestration) 

2,500 High 

 

Conclusion 

Sustainable materials in civil and structural engineering offer viable pathways to 
reduce environmental impact without compromising performance. Innovations 
in concrete chemistry, recycled aggregate design, engineered timber systems, 
and steel reuse enable a new generation of high-performance, low-carbon 
infrastructure. The success of these materials depends on rigorous testing, 
compliance with evolving codes, and integration with digital tools such as BIM 
and LCA software. As the construction sector seeks to align with global climate 
targets, the role of engineers in specifying and validating sustainable materials 
becomes increasingly pivotal. 
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Chapter 7: Energy Materials and 
Conversion Systems 

Fundamentals of Thermoelectric Energy Harvesting 

Thermoelectric (TE) materials convert temperature gradients directly into 
electrical energy using the Seebeck effect. This solid-state conversion process, 
free from moving parts, enables energy recovery from industrial waste heat, 
engine exhaust, and building systems. 

The performance of a thermoelectric material is evaluated by the dimensionless 
figure of merit, ZT: 

 
Where: 

S = Seebeck coefficient (V/K) 
s = Electrical conductivity (S/m) 
T = Absolute temperature (K) 
k = Thermal conductivity (W/m·K) 

 

A high ZT requires a large Seebeck coefficient, high electrical conductivity, and 
low thermal conductivity. Materials such as bismuth telluride (Bi₂Te₃), lead 
telluride (PbTe), and newer skutterudites are commonly used in TE devices. 

In civil infrastructure, thermoelectric tiles and facade-integrated modules are 
being explored for energy recovery in tunnels, subways, and HVAC ducting. The 
integration challenges include heat source accessibility, module placement, and 
power conditioning. 

 

Phase-Change Materials (PCMs) for Passive Thermal 
Regulation 

Phase-change materials absorb or release latent heat during phase transitions 
(typically solid-liquid), making them effective for passive thermal regulation in 
buildings. Common PCMs include paraffin waxes, hydrated salts, and fatty acids, 
often microencapsulated for stability and dispersibility. 

!" = !2"#
$
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Engineers use PCMs in building envelopes, wallboards, and thermal storage 
tanks. These materials reduce indoor temperature fluctuations and HVAC 
demand.  

Selection criteria include: 

• Melting point: Matching to desired indoor temperature range 
• Latent heat capacity: Determines energy storage potential 
• Thermal conductivity: Enhanced via graphite or metal additives 

A building simulation study by Zhang et al. (2019) demonstrated a 20–30% 
reduction in cooling loads for PCM-integrated walls in hot climates. 

 

Photoactive Materials for Solar Energy Harvesting 

Photovoltaic (PV) materials convert sunlight directly into electricity. The 
dominant technology remains crystalline silicon, accounting for over 90% of 
global PV installations. However, materials innovation is advancing alternatives 
such as: 

• Perovskites (e.g., methylammonium lead halide): Offer high efficiencies 
(>25%) and low manufacturing energy, but face stability and toxicity 
issues. 

• Cadmium telluride (CdTe): Thin-film PV with good performance and lower 
material use. 

• Organic photovoltaics (OPV): Lightweight and flexible, suitable for 
building-integrated PV (BIPV). 

Architectural integration of PV materials includes solar windows, shingles, and 
facade claddings. Performance must be evaluated under varying irradiance, 
angle of incidence, and temperature conditions. 

 

Radiative Cooling Coatings and Thermal Barrier Innovations 

Radiative cooling exploits the atmospheric transparency window (8–13 µm) to 
passively emit heat from surfaces to outer space, potentially below ambient air 
temperature. Materials with high solar reflectance and mid-infrared emissivity 
are used for this purpose. 

Recent developments include photonic metamaterials and polymer-based 
coatings with embedded nanoparticles (e.g., SiO₂, Al₂O₃). These coatings can be 
applied to roofs, pavements, or mechanical systems to reduce cooling demand 
and urban heat island effects. 
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Thermal barrier coatings (TBCs) in high-temperature systems (e.g., turbines, heat 
exchangers) use ceramic layers such as yttria-stabilized zirconia (YSZ) to insulate 
components and extend service life. 

 

Applications in Civil Engineering: Self-Cooling Pavements and 
Solar Facades 

Self-cooling pavements incorporate radiative coatings or PCM layers to lower 
surface temperatures and reduce thermal stress. Field studies in arid cities (e.g., 
Phoenix, AZ) have shown surface temperature reductions of 8–12°C with high-
reflectivity coatings. 

Solar facades integrate PV panels, solar thermal collectors, or light-transmitting 
materials into building envelopes. These systems contribute to on-site 
renewable energy generation and envelope performance. Structural integration 
must consider wind loading, maintenance access, and fire performance. 

Table 7 maps various energy conversion and storage materials to their optimal 
application domains in the built environment. 

 

Table 7: Comparison of Energy Materials by Application Domain 
Material Type Application Domain Key Benefit 

Thermoelectric (TE) Industrial waste heat, subways Energy from low-grade heat 

PCM Walls, HVAC, hot water storage 
Load shifting, passive 
cooling/heating 

Crystalline Silicon Rooftop PV, solar farms 
High efficiency, commercial 
maturity 

Perovskites Facade-integrated PV 
Lightweight, low-cost 
manufacturing 

Radiative Coatings Roofs, pavements 
Passive cooling, UHI 
mitigation 

YSZ Coatings Turbines, exhaust systems High-temperature insulation 

 

Conclusion 

Energy materials enable engineers to harvest, store, and regulate energy flows 
in ways that align with decarbonization goals. Thermoelectric modules, PCMs, 
advanced photovoltaics, and radiative coatings offer novel strategies for 
improving building and infrastructure energy performance. Material selection 
must balance efficiency, durability, integration feasibility, and environmental 
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impact. As demand for net-zero and energy-positive buildings grows, these 
materials provide essential pathways to sustainable energy engineering. 
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Chapter 8: Batteries, LEDs, and Emerging 
Electronic Materials 

Battery Lifecycle: Raw Materials, Degradation, Reuse, and 
Recycling 

Battery systems are critical to the transition toward decarbonized infrastructure, 
enabling energy storage for grid applications, electric vehicles (EVs), and off-grid 
systems. The environmental sustainability of batteries, however, depends on 
their material composition, manufacturing footprint, and end-of-life 
management. 

Lithium-ion (Li-ion) batteries dominate the market due to their high energy 
density and cycle life (see Figure 7). Key materials include: 

• Cathodes: Lithium cobalt oxide (LCO), nickel manganese cobalt (NMC), 
and lithium iron phosphate (LFP) 

• Anodes: Graphite or silicon-doped graphite 
• Electrolytes: Organic solvents with lithium salts (e.g., LiPF₆) 

 
Figure 7: Basic Schematic of a Li-ion battery 

 

Lifecycle issues include: 

• Material extraction: Cobalt and lithium mining has environmental and 
ethical challenges. 

Cathode Material

Anode Material

Li+ ions
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• Performance degradation: Capacity loss from solid electrolyte interphase 
(SEI) growth, dendrite formation, and electrode cracking. 

• Second-life use: Retired EV batteries may retain 70–80% capacity, suitable 
for stationary storage. 

• Recycling: Pyrometallurgical (smelting), hydrometallurgical (leaching), and 
direct recycling (component recovery) methods are being scaled to 
recover critical materials (Gaines et al., 2021). 

 

Solid-State and Sodium-Ion Batteries as Alternatives 

To address safety, cost, and resource limitations, alternative battery chemistries 
are under development: 

• Solid-State Batteries (SSBs): Replace liquid electrolytes with ceramic or 
polymer-based solids (e.g., LLZO, LISICON). Offer improved safety, energy 
density, and thermal stability. Integration challenges include interfacial 
resistance and manufacturing complexity. 

• Sodium-Ion Batteries: Use abundant sodium instead of lithium. Slightly 
lower energy density but competitive for stationary storage and cost-
sensitive markets. Cathodes include Na₃V₂(PO₄)₃ and hard carbon anodes. 

These technologies are not yet fully commercialized but promise lower 
environmental impact and enhanced safety profiles. 

 

Materials for Ultra-Efficient LEDs and Optoelectronic 
Components 

Solid-state lighting, particularly light-emitting diodes (LEDs), represents one of 
the most energy-efficient lighting technologies. High-performance LEDs use: 

• Substrate materials: Sapphire or silicon carbide (SiC) 
• Semiconductors: Gallium nitride (GaN) and indium gallium nitride (InGaN) 
• Phosphor coatings: Convert blue light into white light (e.g., YAG:Ce) 

Efficiency improvements stem from advances in crystal growth (MOCVD), 
quantum well structures, and thermal management. Life cycle analysis reveals 
that LEDs reduce energy consumption by over 80% compared to incandescent 
lighting and have long operational lives (>25,000 hours), minimizing material 
throughput. 
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Quantum Dots and Organic Light-Emitting Diodes (OLEDs) 

Emerging optoelectronic materials include: 

• Quantum Dots (QDs): Semiconductor nanocrystals (e.g., CdSe, InP) with 
tunable emission spectra. Used in displays and photonic sensors. 
Research is shifting toward cadmium-free QDs for toxicity reduction. 

• OLEDs: Use organic molecules for electroluminescence. Enable flexible, 
thin, and lightweight displays. Material challenges include degradation of 
organic layers and limited recycling infrastructure. 

Environmental impacts of these materials must be weighed against their 
performance and recyclability. 

 

Material Implications for Grid Decarbonization and Smart 
Cities 

The deployment of batteries and smart lighting systems in urban infrastructure 
supports multiple sustainability goals: 

• Battery storage: Smooths renewable energy supply, supports microgrids, 
and enables demand-side management. 

• Smart LEDs: Integrated with sensors and controls for adaptive lighting, 
reducing energy use and light pollution. 

• IoT-enabled materials: Enable condition monitoring of infrastructure 
(e.g., bridges, tunnels) using embedded electronics. 

Engineers must ensure material compatibility, reliability, and cybersecurity in 
these interconnected systems. 

 

Circular Strategies for Electronics in Construction Automation 
Systems 

Electronic materials in construction, such as sensors, actuators, and controllers, 
must also be designed for circularity: 

• Modular electronics: Facilitate replacement and upgrade 
• Design for disassembly (DfD): Simplifies material separation 
• Material passports: Track material origin, composition, and recyclability 

Recycling of e-waste from construction systems is supported by take-back 
programs and extended producer responsibility (EPR) policies. Emerging 
technologies include automated dismantling robots and AI-assisted sorting. 
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Table 8 illustrates the life cycle of battery and LED components in a smart 
infrastructure system, from extraction through use, reuse, and recycling. 

 

Table 8: Battery and LED Material Flows in Circular Infrastructure 
Component Material Input Lifecycle Strategy 

Li-ion Battery Li, Co, Ni, Graphite Reuse in second-life storage 

SSB Li, Solid Electrolytes (LLZO) Recyclable solid-state cells 

LED GaN, InGaN, Sapphire Long-life, modular lighting 

OLED Organic semiconductors Replaceable flexible displays 

 

Conclusion 

Advanced batteries, LEDs, and electronic materials are foundational to modern 
sustainable infrastructure. Engineers must manage their entire lifecycle, from 
ethical sourcing and safe use to end-of-life recovery. Innovations in chemistry, 
design modularity, and recycling technologies can enable circular flows of these 
high-value materials. As buildings and cities become more electrified and 
sensor-rich, integrating sustainable electronic materials becomes both a 
technical and environmental imperative. 
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Chapter 9: Sustainable Chemical 
Engineering Processes 

 

Chemical Recovery in Industrial and Construction Waste 

Chemical recovery processes transform waste into valuable inputs, closing 
material loops in industrial and construction operations. In construction, 
gypsum wallboard, paint residues, and asphalt byproducts often contain 
recoverable compounds. 

For example, waste gypsum (CaSO₄·2H₂O) from demolition can be reprocessed 
through controlled calcination to produce new gypsum binder for drywall. 
Similarly, asphalt shingles and reclaimed asphalt pavement (RAP) contain 
bitumen and mineral aggregates that can be recovered via hot or cold recycling 
techniques (Chowdhury et al., 2010). 

In industrial settings, acid and base solutions used in surface treatment 
processes (e.g., pickling baths in steel manufacturing) are regenerated using 
diffusion dialysis, electrodialysis, or precipitation-based separation. These 
technologies reduce hazardous waste volumes and recover chemicals for reuse, 
reducing environmental liabilities. 

 

Biopolymers: Synthesis, Degradation, and Environmental 
Interactions 

Biopolymers are an emerging class of sustainable materials derived from 
renewable biomass sources. Common types include: 

© MondoScience
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• Polylactic Acid (PLA): Derived from corn starch or sugarcane, suitable for 
packaging and building insulation foams. 

• Polyhydroxyalkanoates (PHAs): Produced by microbial fermentation, with 
potential use in coatings, films, and temporary formwork. 

• Starch-based and Cellulose-based Polymers: Used in adhesives, wall 
coverings, and geotextiles. 

Sustainable engineering of biopolymers requires attention to biodegradability, 
mechanical stability, and compatibility with existing manufacturing systems. 
Degradation is typically driven by microbial action, humidity, and temperature, 
making them ideal for short-lifecycle applications in controlled environments. 

Life Cycle Assessment (LCA) studies show that biopolymers offer significant 
reductions in fossil energy use and GHG emissions compared to conventional 
petrochemical plastics (Shen et al., 2009). However, land-use implications and 
end-of-life treatment remain areas of ongoing research. 

 

CO₂ Mineralization and Building Material Carbonation 

CO₂ mineralization involves converting carbon dioxide into stable carbonates 
through reactions with alkaline earth metal oxides (e.g., CaO, MgO). This process 
can be harnessed for both carbon capture and the production of construction 
materials. 

Concrete carbonation is a passive form of mineralization where atmospheric CO₂ 
reacts with calcium hydroxide in cement to form calcium carbonate: 

 
While this reaction occurs naturally over decades, engineered systems 
accelerate the process during curing (e.g., carbon curing), enhancing material 
strength and reducing net emissions. Technologies such as CarbonCure and 
Solidia have commercialized these approaches, offering ready-mix solutions with 
10–30% lower embodied carbon. 

Industrial-scale mineralization also includes direct injection of CO₂ into mine 
tailings, steel slag, or fly ash to form stable carbonates, offering permanent 
sequestration pathways. 

 

Green Cement Chemistry and Alkali-Silica Reaction Mitigation 

Sustainable cement development targets both emissions reduction and 
enhanced durability.  

!"(#$)2 + !#2→ !"!#3 + $2#
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Green cement types include: 

• Limestone calcined clay cement (LC³): Replaces 50% of clinker with 
calcined clay and limestone, reducing CO₂ intensity. 

• Belite-rich clinker: Has lower kiln temperature requirements. 
• Magnesium silicate-based binders: Absorb CO₂ during curing. 

One persistent issue in concrete is alkali-silica reaction (ASR), a deleterious 
expansion caused by reaction between alkaline pore solutions and reactive silica 
in aggregates. This leads to cracking and durability loss. 

To mitigate ASR, chemical engineering interventions include: 

• SCMs like fly ash or silica fume: Reduce available alkalis. 
• Lithium-based admixtures: Interfere with the reaction mechanism. 
• Aggregate selection and testing (ASTM C1260, C1293): Prevent use of 

reactive sources. 

Proper materials design and mix proportioning extend service life and reduce 
premature demolition-related waste. 

 

Materials for Carbon Capture and Utilization (CCU) Systems 

Carbon Capture and Utilization involves sequestering CO₂ emissions and 
converting them into usable products.  

• Materials developed for CCU include: 
• Amine-functionalized adsorbents (e.g., MEA, TEPA): For post-combustion 

CO₂ capture 
• Metal-Organic Frameworks (MOFs): High surface area sorbents with 

tunable chemistry 
• Membrane materials (e.g., polyimides, carbon nanotube composites): 

Allow selective CO₂ permeation 

 

Utilization pathways include: 

• Carbonated building materials: As discussed, concrete and aggregates 
• Synthetic fuels and chemicals: Via catalytic hydrogenation of CO₂ 
• Polymer production: Using CO₂ as a feedstock for polycarbonates or 

polyurethanes 

Material challenges include stability under humid gas streams, regeneration 
energy requirements, and integration with existing infrastructure. Engineers are 
evaluating these systems not just for performance, but for scalability and total 
system life cycle impact. 
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Table 9 summarizes key chemical engineering strategies that enable circular 
flows and carbon mitigation in construction materials. 

 

Table 9: Sustainable Chemical Process Interventions in the Built Environment 
Strategy Material/Technology Environmental Benefit 

Gypsum Recovery Calcined wallboard waste 
Reduced landfill and virgin 
gypsum use 

Biopolymer Integration PLA, PHA 
Lower GHG and 
biodegradability 

CO₂ Mineralization Carbon-cured concrete 
Permanent carbon 
sequestration 

Green Cement Chemistry LC³, belite clinker 
Lower clinker demand and 
emissions 

CCU Systems 
MOFs, membranes, 
amines 

CO₂ capture and material 
reuse 

 

 

Conclusion 

Sustainable chemical engineering processes enhance the material circularity, 
environmental safety, and longevity of construction systems. By recovering 
chemicals from waste, deploying biopolymers, advancing cement chemistry, and 
capturing carbon in material forms, engineers can make infrastructure both 
functional and regenerative. These interventions demand interdisciplinary 
collaboration and rigorous LCA evaluation to ensure that they meet 
performance criteria while minimizing unintended impacts. 
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Chapter 10: Codes, Certification Systems, 
and Integration into Practice 

LEED v4.1, Envision, and the WELL Building Standard 

Sustainable design certifications provide engineers with frameworks to assess 
and document the environmental performance of materials and systems. The 
Leadership in Energy and Environmental Design (LEED) rating system, 
particularly version 4.1, emphasizes material transparency, lifecycle 
optimization, and responsible sourcing. 

LEED v4.1 includes credits under the Materials and Resources (MR) category 
that reward: 

• Use of products with Environmental Product Declarations (EPDs) 
• Material Ingredient Reporting (e.g., Health Product Declarations) 
• Recycled content and bio-based materials 
• Extended producer responsibility (EPR) programs 

 

Envision, developed by the Institute for Sustainable Infrastructure, applies 
similar sustainability metrics to infrastructure projects. It includes credit areas 
such as Resource Allocation, where credits are earned for material reuse, 
lifecycle costing, and environmentally preferable materials. 

The WELL Building Standard, developed by the International WELL Building 
Institute, focuses on human health and well-being. It includes criteria related to 
off-gassing, VOC emissions, and materials that influence indoor environmental 
quality, complementing structural and performance-based assessments. 

 

ISO, ASTM, and EN Standards for Sustainable Materials 

Global standardization supports consistent implementation of sustainable 
material practices.  

Key standards include: 

 ISO 14040/14044: Life cycle assessment principles and framework 

 ISO 21930: Environmental declaration of building products 

 ASTM E2129: Data collection for sustainability assessment 

 ASTM D6866: Determination of bio-based content 

 EN 15804: Core rules for EPDs of construction products 
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These standards define functional units, system boundaries, data quality 
requirements, and impact categories used in environmental declarations. 
Engineers must ensure that material data align with these norms to support 
certification and regulatory compliance. 

 

Environmental Product Declarations (EPDs) and Material 
Passports 

An Environmental Product Declaration (EPD) is a third-party verified document 
that quantifies the environmental impacts of a product across its lifecycle, based 
on ISO standards. EPDs support transparent comparison of products and are 
often required in LEED and Envision projects. 

Key elements of an EPD include: 

• Global warming potential (GWP) 
• Resource use and depletion 
• Water consumption 
• Waste generation and recovery 

 

Material passports are digital profiles that capture the physical, chemical, and 
environmental characteristics of a material or product. Enabled by BIM 
platforms, passports facilitate: 

• Design for disassembly and reuse 
• Inventory management of recoverable assets 
• Traceability and circular logistics 

The Buildings as Material Banks (BAMB) initiative in the EU has advanced this 
concept through pilot projects and digital tools. 

 

Procurement Policies and Regulatory Compliance 

Public and private procurement policies are increasingly shaped by sustainability 
criteria. These include: 

• Buy Clean policies: Require disclosure of embodied carbon in public 
projects (e.g., California AB 262) 

• Circular procurement: Prioritizes products with reuse potential and 
service-based models 

• Green Public Procurement (GPP): EU-wide criteria for low-impact 
materials and services 
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Engineers must navigate these regulations by specifying compliant materials, 
documenting environmental attributes, and engaging with suppliers on lifecycle 
documentation. 

 

Future-Proofing Engineering Projects Through Material 
Foresight 

As regulatory landscapes evolve and environmental challenges intensify, 
engineers must apply material foresight, the strategic anticipation of material 
risks, innovations, and disruptions. This includes: 

• Tracking emerging contaminants (e.g., PFAS in construction coatings) 
• Adapting to resource constraints (e.g., critical minerals in electronics) 
• Monitoring policy shifts (e.g., carbon taxes, EPD mandates) 
• Integrating digital tools (e.g., AI-driven materials databases, LCA plug-ins 

in BIM) 

Proactive engagement with these trends enables resilience in design and 
construction, ensuring materials remain compliant, available, and aligned with 
long-term performance and sustainability goals. 

Table 10 maps the interaction of design, material selection, and documentation 
tools with certification and regulatory requirements. 

 

Table 10: Integration of Certification and Regulatory Systems in Engineering 
Workflow 
Engineering Activity Supporting 

Tool/Standard 
Outcome/Compliance 
Path 

Material Specification EPD, ISO 21930, ASTM 
E2129 

LEED MR credits, Buy 
Clean compliance 

Lifecycle Analysis ISO 14040/44, EN 15804 Transparent impact 
quantification 

Design Documentation Material passports, BIM 
systems 

Reuse planning, 
traceability 

Procurement GPP, Circular 
Procurement Guides 

Sustainable sourcing 
and bidding 
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Conclusion 

The integration of certification systems, material declarations, and regulatory 
frameworks is essential for sustainable engineering practice. By leveraging 
standards such as LEED, Envision, ISO, and ASTM, engineers can ensure 
transparency, accountability, and performance alignment across material 
lifecycles. Tools like EPDs and material passports enable smarter design, 
procurement, and end-of-life planning, reinforcing the profession’s role in 
delivering resilient and resource-conscious infrastructure. 
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Appendix A: Worked Examples of Key 
Equations 

This appendix provides worked examples of the equations used in Chapters 2 
and 7. They provide a practical application of sustainability metrics and energy 
material performance in engineering design. 

 

A1. Embodied Energy Calculation 

Equation: 

 
Where: 

Etotal = Total embodied energy (MJ) 
Qi = Quantity of material i (kg or m³) 
EIi = Embodied energy intensity of material i (MJ/kg or MJ/m³) 

 

Worked Example: 
A foundation consists of: 

• 10,000 kg of concrete with an embodied energy of 1.5 MJ/kg 
• 1,000 kg of reinforcing steel with an embodied energy of 35 MJ/kg 

 

Etotal = (10,000 x 1.5) + (1,000 x 35) = 15,000 + 35,000 = 50,000 MJ 

 

Conclusion: 
The total embodied energy of this portion of the building is 50,000 MJ, which can 
be used in lifecycle assessments and compliance with sustainability targets. 
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A2. Thermoelectric Figure of Merit (ZT) 

 

Equation: 

 
Where: 

S = Seebeck coefficient (V/K) 
s = Electrical conductivity (S/m) 
T = Absolute temperature (K) 
k = Thermal conductivity (W/m·K) 

 

Worked Example: 
Given: 

S = 200µV/K = 200 x 10-6 V/K 
s = 1 x 105 S/m 
T = 300 K 
k = 1.5 W/m·K 

 

 
 

Conclusion: 
A calculated ZT value of 0.8 indicates a thermoelectric material suitable for low-
grade heat recovery applications, such as waste heat from HVAC or engine 
systems. 

  

!" = !2"#
$

!" =
(200 x 10-6)2 x 1 x 105 x 300

1.5 1.51.5
(4 x 10-8) x 105 x 300 1.2

= = = 0.8
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