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Purpose

Introduce basic principles of 
sustainability and link concern for 

sustainability to engineering practice
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The Problems

• Population growth
• Environmental degradation 
‣ Climate change and its consequences
‣ Pollution
‣ Destruction of habitat
‣ Loss of arable land

• Scarcity of resources
‣ Water
‣ Land
‣ Energy
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In the past few hundred years, human population has 
grown exponentially
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Although the current rate of growth has stabilized, the net 
increase is still alarming
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Assume that 2 x 109 people will be added to the planet 
between now and 2050

Assume that each of those people need a continuous source 
of electricity of 100 W (one incandescent bulb)
‣ How much additional energy generating capacity is 

needed?

Assume that nuclear power will be used to supply the energy
‣ How many 1GW nuclear power plants will be required to 

meet that need?   (Assume no generation or transmission 
losses.)

Make a quick estimate of energy consumption for the 
new humans to be added between now and 2050.
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IPAT Equation

The IPAT equation is a symbolic way of representing the 
interaction and ampli!cation between the environmental 
impact of human activity

I = P x A x T
I = impact
P = population
A = Affluence (GDP per capita)
T = Technology
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What is Sustainability?

A commonly cited de!nition of sustainability comes from 
the de!nition of sustainable development from the so-
called Brundtland Commission

‣ “Sustainable development is development that meets the 
needs of the present without compromising the ability of 
future generations to meet their own needs. It contains with 
it two key concepts:
✦ the concept of ‘needs’, in particular the essential needs of the 

world’s poor, to which overriding priority should be given; and
✦ the idea of limitations imposed by the state of technology and 

social organization on the environment’s ability to meet present 
and future needs”

Source: http://www.un-documents.net/ocf-02.htm#I 8

What is Sustainability?

According to the ASME
‣ “Sustainability means engineering products and developing 

manufacturing processes that do not consume irreplaceable 
resources”, https://www.asme.org/engineering-topics/
sustainability

According to the ASCE
‣ “A set of environmental, economic and social conditions in 

which all of society has the capacity and opportunity to 
maintain and improve its quality of life inde"nitely without 
degrading the quantity, quality or availability of natural, 
economic, and social resources.”, http://www.asce.org/
sustainability
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Methods of Accounting

If sustainability is approached as an engineering problem, 
how do we measure progress?

Accounting models to quantify sustainability efforts
‣ Triple bottom line
‣ Life-cycle assessment
‣ Cradle-to-cradle
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Triple Bottom Line
A Business-scale approach to sustainability

Three P’s
‣ Pro"t: The traditional bottom line of pro"t and loss
‣ People: Attempt to measure social responsibility
‣ Planet: Attempt to measure environmental responsibility

Challenges of this approach
‣ How to combine categories to account for an overall balance?
‣ How do you measure impacts on People and Planet?
‣ Non-monetary scales can be manipulated in an attempt to 

make organizations look good
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Life Cycle Assessment
A systems-level or holistic view of sustainability analysis

Four stages of product life
‣ Acquisition of materials (resource extraction or recycling)
‣ Manufacturing, re"ning, and fabrication
‣ Use by consumers
‣ End-of-life disposal
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Life-cycle stages of a product

Pre-manufacturing Manufacturing

UsePost-Use
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Energy is consumed and waste is produced at each stage
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Life Cycle Assessment

Example: Greenhouse gas emissions for iPhones

15https://www.apple.com/environment/reports/

iPhone 5s 
Environmental Report 

Apple and the Environment 

Apple believes that improving the environmental performance of our business  
starts with our products. The careful environmental management of our products 
throughout their life cycles includes controlling the quantity and types of materials  
used in their manufacture, improving their energy efficiency, and designing them  
for better recyclability. The information below details the environmental performance  
of iPhone 5s as it relates to climate change, energy efficiency, material efficiency, and 
restricted substances.1 

Climate Change 

Greenhouse gas emissions have an impact on the planet’s balance of land, ocean,  
and air temperatures. Most of Apple’s corporate greenhouse gas emissions come from 
the production, transport, use, and recycling of its products. Apple seeks to minimize 
greenhouse gas emissions by setting stringent design-related goals for material and 
energy efficiency. The chart below provides the estimated greenhouse gas emissions  
for iPhone 5s over its life cycle.2 

Greenhouse Gas Emissions for iPhone 5s 

!!
Energy Efficiency 

iPhone 5s uses power-efficient components and software that intelligently manage 
power consumption. In addition, the Apple USB Power Adapter outperforms the 
stringent requirements of the ENERGY STAR® specification for external power supplies.  
The following table details the energy efficiency of the Apple USB Power Adapter. 

Energy Efficiency of the Apple USB Power Adapter 

!!

�1

Date introduced 

September 10, 2013

iPhone 5s is designed with the  
following features to reduce  
environmental impact: 

• Arsenic-free display glass 

• Mercury-free LED-backlit display 

• Brominated flame retardant–free 

• PVC-free 

• Recyclable aluminum enclosure 

• Power adapter that outperforms 
strictest global energy efficiency 
standards

Production, 83%
Customer use, 12%

Total greenhouse gas emissions: 75 kg CO2e

Recycling, 1%
Transport, 4%



Life Cycle Assessment

Example: Greenhouse gas emissions for iPhones. Progress?
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iPhone 5s 
Environmental Report 

Apple and the Environment 

Apple believes that improving the environmental performance of our business  
starts with our products. The careful environmental management of our products 
throughout their life cycles includes controlling the quantity and types of materials  
used in their manufacture, improving their energy efficiency, and designing them  
for better recyclability. The information below details the environmental performance  
of iPhone 5s as it relates to climate change, energy efficiency, material efficiency, and 
restricted substances.1 

Climate Change 

Greenhouse gas emissions have an impact on the planet’s balance of land, ocean,  
and air temperatures. Most of Apple’s corporate greenhouse gas emissions come from 
the production, transport, use, and recycling of its products. Apple seeks to minimize 
greenhouse gas emissions by setting stringent design-related goals for material and 
energy efficiency. The chart below provides the estimated greenhouse gas emissions  
for iPhone 5s over its life cycle.2 

Greenhouse Gas Emissions for iPhone 5s 

!!
Energy Efficiency 

iPhone 5s uses power-efficient components and software that intelligently manage 
power consumption. In addition, the Apple USB Power Adapter outperforms the 
stringent requirements of the ENERGY STAR® specification for external power supplies.  
The following table details the energy efficiency of the Apple USB Power Adapter. 

Energy Efficiency of the Apple USB Power Adapter 

!!

�1

Date introduced 

September 10, 2013

iPhone 5s is designed with the  
following features to reduce  
environmental impact: 

• Arsenic-free display glass 

• Mercury-free LED-backlit display 

• Brominated flame retardant–free 

• PVC-free 

• Recyclable aluminum enclosure 

• Power adapter that outperforms 
strictest global energy efficiency 
standards

Production, 83%
Customer use, 12%

Total greenhouse gas emissions: 75 kg CO2e

Recycling, 1%
Transport, 4%

iPhone 6 
Environmental Report 

Apple and the Environment 

Apple believes that improving the environmental performance of our business  
starts with our products. The careful environmental management of our products 
throughout their life cycles includes controlling the quantity and types of materials  
used in their manufacture, improving their energy efficiency, and designing them  
for better recyclability. The information below details the environmental performance  
of iPhone 6 as it relates to climate change, energy efficiency, material efficiency, and 
restricted substances.* 

Climate Change 

Greenhouse gas emissions have an impact on the planet’s balance of land, ocean,  
and air temperatures. Most of Apple’s corporate greenhouse gas emissions come from 
the production, transport, use, and recycling of its products. Apple seeks to minimize 
greenhouse gas emissions by setting stringent design-related goals for material and 
energy efficiency. The chart below provides the estimated greenhouse gas emissions  
for iPhone 6 over its life cycle. 

Greenhouse Gas Emissions for iPhone 6 

!!
Energy Efficiency 

iPhone 6 uses power-efficient components and software that intelligently manage 
power consumption. In addition, the Apple USB Power Adapter outperforms the 
stringent requirements of the ENERGY STAR® specification for external power supplies.  
The following table details the energy efficiency of the Apple USB Power Adapter. 

Energy Efficiency of the Apple USB Power Adapter 

!!

�1

Production, 85%Customer use, 11%

Total greenhouse gas emissions: 95 kg CO2e

Recycling, 1%
Transport, 3%

Date introduced 

September 9, 2014

iPhone 6 is designed with the  
following features to reduce  
environmental impact: 

• Arsenic-free display glass 

• Mercury-free LED-backlit display 

• Brominated flame retardant–free 

• PVC-free 

• Beryllium-free 

• Recyclable aluminum enclosure 

• Power adapter that outperforms 
strictest global energy efficiency 
standards 

• Speaker enclosures made with  
30 percent post-consumer recycled 
plastic

Cradle-to-Cradle
Extending Life-Cycle Assessment to close the loop

Four stages of product life
‣ Acquisition of materials (resource extraction or recycling)
‣ Manufacturing, re"ning, and fabrication
‣ Use by consumers
‣ End-of-life disposal reuse or harvest

✦ recycling is not enough
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Life-cycle stages of a product: closing loops

Pre-manufacturing Manufacturing

Use
Post-Use
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Remanufacture



Sustainability and engineering design

Traditional design criteria
‣ function/performance
‣ cost
‣ reliability

Add sustainability
‣ minimize impact on people and environment
‣ minimize material usage
‣ minimize energy usage
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Sustainability and engineering design

Minimize environmental impact, material usage and 
energy consumption during
‣ Pre-manufacture (resource extraction)
‣ manufacture
‣ Primary use
‣ Post-use
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I.S. Jawahir’s 6 Rs

Conventional 3R’s

‣ Reduce, Reuse and Recycle

I.S. Jawahir advocates adding 3 more R’s

‣ Recover, Redesign, Remanufacture

21

See Section 1 in ASME Sustainable Products and Processes Strategic Plan,
http://!les.asme.org/Committees/K&C/TCOB/CRTD/30032.pdf



Rebound Effect – A challenge to sustainable 
improvements

• Rebound Effect reduces bene!t of sustainable 
technology
‣ Technology improvements reduce resource use
‣ Resource becomes less expensive
‣ Resource use increases 

• Examples:
‣ More energy efficient lighting can increase use of 

lighting
‣ More energy efficient cars can cause people to drive 

more
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Rebound effect: Improvements in lighting 
technology have resulted in an increase in 
use of arti"cial lighting
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J.Y. Tsao et al., Solid-state lighting: an energy-economics perspective, 
Journal of Physics D: Applied Physics, 43 (2010): 354001

J. Phys. D: Appl. Phys. 43 (2010) 354001 J Y Tsao et al

Figure 1. Three centuries of light consumption in the UK, adapted
from Fouquet and Pearson (2006). The left axis has the units
Tlm h/yr (teralumen-hours per year). The coloured lines represent
consumption of light produced by technologies powered by
particular fuels; the black line represents total consumption of light
produced by all technologies. (Colour online.)

interest at this point in history when lighting technologies
are evolving rapidly. Filament-based incandescent technology
is giving way to gas-plasma-based fluorescent and high-
intensity-discharge (HID) technology; and over the coming
10–20 years both may give way to solid-state lighting (SSL)
technology (Schubert and Kim 2005, Shur and Zukauskas
2005, Krames et al 2007, Tsao et al 2010).

All these projections, however, have shared a common
assumption—that consumption of light is relatively insensitive
to the cost of light, and that evolution of lighting technology
resulting in an increase in efficiency and a decrease in cost
leads to a decrease in the consumption of energy rather than
an increase in the consumption of light.

In this paper, we provide new projections of the
consumption of light and associated energy. Rather than
assuming that consumption of light is insensitive to the cost
of light, we assume a sensitivity consistent with simple
extrapolations of past behaviour into the future. In addition,
we analyse the interplay between lighting, human productivity
and energy consumption. After all, lighting is consumed not
to waste energy, but to increase human productivity—energy
consumption is simply the cost of that increased productivity.
That this has been so in the past is self-evident; that it will be
so in the future is not unlikely.

The rest of this paper is organized as follows3.
In section 2, we discuss recent studies of historical

and contemporary consumption patterns and analyse them
within the energy-economics framework of a simple Cobb–
Douglas production function and profit maximization. In
this framework, lighting is considered a factor affecting both
production and energy consumption.

3 Because this paper lies at the intersection between physical and social
science, different sections of the paper may be difficult for the two
communities. For the physical-science community, we recommend (Sorrell
2007) for an introduction to the economic concepts discussed in this paper.
For the social-science community, we recommend (EERE 2010) and (Tsao
2002) for an introduction to the physics and engineering concepts discussed
in this paper.

In section 3, we discuss recent estimates of the
performance potential of SSL. Aside from its many other
unique and beneficial attributes, SSL has the potential to
increase the efficiency, and decrease the cost, of light factors
2–5× beyond that of current lighting technologies, including
modern compact fluorescent lighting.

In section 4, we build on sections 2 and 3 to estimate
the impact of SSL on human productivity (gdp) and the rate
of energy consumption (ė). We discuss how, within the
Cobb–Douglas framework, human productivity and energy
consumption are affected differently by improvements in the
efficiency of lighting and by the cost of the energy that is
converted into light. We also discuss the semiconductor chip
area inventory and turnover associated with the lamps and
luminaires that would be necessary in a world in which artificial
lighting is dominated by SSL.

Finally, in section 5, we discuss alternative possible
futures that deviate from the baseline future predicted from
a simple extrapolation from the past. These include possible
saturation in societal demand for lighting; possible demand
for features beyond lumens; and government policies and
regulations aimed at economizing on consumption of light.

2. Lighting, human productivity and energy

In this section, we discuss recent studies of historical and
contemporary consumption patterns, and analyse them within
the simple energy-economics framework of a Cobb–Douglas
(Cobb and Douglas 1928) production function and profit
maximization.

2.1. Consumption of light and associated energy

We begin with a discussion of a recent comprehensive study
of historical and contemporary consumption of light (Tsao
and Waide 2010). In that study, it was found that empirical
data, drawn from a wide range of sources (Min et al 1997,
Navigant 2002, Mills 2005, Fouquet and Pearson 2006, IEA
2006, Li 2007a, 2007b), were consistent with a per-capita
consumption of light that is proportional to the ratio between
per-capita gross domestic product and cost of light:

ϕ = β · gdp
CoL

. (1)

In this equation: ϕ is per-capita consumption of light, in
Mlmh/(per-yr) (megalumen-hours per person-year); gdp is per-
capita gross domestic product, in $/(per-yr) (dollars per person-
year); CoL is the ownership cost of light in $/Mlmh (dollars
per megalumen-hour) and β = 0.0072 is a fixed constant4.

The consistency of this proportionality with empirical data
is illustrated by the filled circles in the left panel5 of figure 2.
Each filled circle corresponds to independent empirical data

4 Monetary units here and throughout this paper are year 2005 US$.
5 Note that, for our later purpose of comparing past and future total world
consumption of light, in the left panel of figure 2 we plot total rather than per-
capita quantities against each other. In other words, we plot # = β ·GDP/CoL,
which differs from equation (1) in that total quantities, denoted by upper-
case symbols, are the per-capita quantities, denoted by lower-case symbols,
multiplied by an appropriate population N .
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“When lighting becomes 
cheaper, economic agents 
become very creative in 
devising new ways to use it.”
Saunders and Tsao, 2012

Rebound effect: Improvements in lighting 
technology have resulted in an increase in 
use of arti"cial lighting

24

• Arti!cial lighting is responsible for 6.5% of global 
consumption of primary energy

• Historical trend is that energy use per unit of GDP for 
lighting has remained stable (at 0.54%) for centuries

• Increases in energy efficiency for lighting has increased 
the demand for lighting

• More efficient lighting has resulted in other bene!ts, 
including higher economic productivity

• We should use more efficient lighting regardless of 
whether it reduces global energy demand

H.D. Saunders and J.Y. Tsao, Rebound effects for lighting, Energy Policy, 
49 (2012): 477–478



Sustainability in Engineering Practice

• Business concerns: working with suppliers
‣ Manufacturing inputs with high environmental 

impact are likely to increase in cost
‣ Disruptions to supply chains if manufacturers are 

using environmentally destructive processes
‣ Controlling risk by vetting suppliers

• Risk of litigation
• Informed customers may punish your company/brand 

for bad environmental practices
‣ Use sustainability to differentiate your product
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Sustainability in Engineering Practice

• Need to balance short term and long term costs
‣ Environmental mitigation versus reducing footprint

• Product design
‣ Design for reduced material & energy consumption
‣ Design for reuse/recycle/remanufacturing

• Process design
‣ Reduce energy & material consumption during 

manufacturing, e.g. near-net shape manufacturing
‣ Reduce waste due to packaging and cleaning of parts
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