BSESC—Life-Cycle Analysis
Proficiency Level 3.  Apply
Learning Objective 3.1
Interpret the results from a simple life-cycle assessment and use the data to make recommendations about a building system.  
Lecture Notes
The interpretation step of the life-cycle analysis (LCA) process includes an uncertainty analysis, a sensitivity analysis, and an analysis of the results. The results of an LCA can be complex, and because the units of each environmental or cost impact may vary, it can be useful to consider specific tools for interpreting the results. 
The first step in the interpretation is often an output table based on the calculation of matrix [g]. An example of this type of table is shown in Table 1. In this example, each lighting product analyzed was shown as a different column. Each row is based on the original units and impact categories from the inventory analysis (matrix [B]). The values represent the total environmental impact for all the processes we defined, including transportation, manufacture, use, and end of life. 
[bookmark: _Ref51324090]Table 1.	Example of the results summary table based on matrix [g] for several lighting products (Dillon, Ross, and Dzombak 2019)
	Impact Category
	Units
	Product 0
	Product 1
	Product 2
	Product 3

	Abiotic resource depletion
	Kg Sb-Eq
	3.03E-3
	2.17E-3
	1.33E-3
	1.42E-3

	Global warming potential
	Kg CO2-Eq
	1.4.1E+2
	9.64E+1
	1.05E+2
	1.19E+2

	Ozone-depleting potential
	Kg CFC 11-Eq
	4.17E+0
	1.73E-5
	1.89E-5
	2.13E-5

	Human toxicity
	Kg 1,4-DCB-Eq
	7.77E+1
	5.08E+1
	4.56E+1
	5.12E+1

	Freshwater aquatic ecotoxicity
	Kg 1,4-DCB-Eq
	5.07E+1
	3.33E+1
	2.89E+1
	3.39E+1

	Marine aquatic ecotoxicity
	Kg 1,4-DCB-Eq
	1.98E+5
	1.27E+5
	1.16E+5
	1.24E+5

	Terrestrial ecotoxicity
	Kg 1,4-DCB-Eq
	3.49E-1
	2.39E-1
	2.43E-1
	2.75E-1

	Photochemical ozone creation potential
	Kg C2H4-Eq
	4.49E-2
	2.93E-2
	3.18E-2
	3.58E-2

	Acidification potential
	Kg SO2-Eq
	9.16E-1
	6.21E-1
	6.72E-1
	7.58E-1

	Eutrophication potential
	Kg PO4-Eq
	2.15E-1
	1.44E-1
	1.26E-1
	1.41E-1

	Hazardous waste landfilled
	Kg waste
	4.08E-3
	2.11E-3
	2.20E-3
	2.36E-3

	Non-hazardous waste landfilled
	Kg waste
	4.29E+0
	3.13E+0
	2.96E+0
	3.21E+0

	Radioactive waste landfilled
	Kg waste
	2.34E-2
	1.64E-2
	1.80E-2
	2.04E-2


The table summary gives us the ability to quickly scan the specific impact categories, but a figure is often useful. Since each impact category has a different unit, we need to normalize the units. This is sometimes done using a spider graph, as shown in Figure 1. The units are normalized on a scale of 0 to 1, and each product has a unique web. Based on this graph and the table, if we wanted to select the lighting product with the lowest global warming potential, we might select product 1. 
[image: ]
[bookmark: _Ref51324556]Figure 1.	Example spider graph based on the LCA for different lighting options, adapted from Dillon et al. (2019)
Another way to consider the results is breaking out the information by the part of the process. Figure 2 is an example of how interesting this result might be. For energy consumption, this study reviewed many LCAs and tracked energy use by process. While transportation of the product and manufacturing are important, the energy of the lighting product during use is dramatically higher than any other phase of the product life cycle. This is an important insight about lighting that led subsequent research teams to focus on environmental impacts rather than energy since the LED lighting options were so dramatically improved for energy and cost already. 
[image: ]
[bookmark: _Ref51324567]Figure 2.	LCA summary for lamp types based on different processes steps (Navigant Consulting 2012)
As part of the uncertainty analysis it is often helpful to consider specific process steps as well. 
Cross-checking key processes for existing studies led to the results shown in Table 2 for the transportation process of the lights. This table outlines how two different studies calculated the same transportation process for the same impact categories. In this case, the last two columns can be compared to see where higher uncertainty might occur. 
[bookmark: _Ref51324139]Table 2.	Example of one aspect of the uncertainty analysis for the lighting LCA; in this case, the authors compared prior work with that of an update inventory database (Dillon et al. 2019)
	Impact Category
	Units
	Scholand and Dillon (2012)
	Ecoinvent (Version 3.0)

	Acidification potential
	kg SO2-Eq
	7.08E-04
	7.37E-04

	Climate change
	kg CO2-Eq
	5.20E-02
	6.73E-02

	Eutrophication potential
	kg PO4-Eq
	1.00E-04
	1.01E-04

	Freshwater aquatic ecotoxicity
	kg 1,4-DCB-Eq
	3.10E-04
	7.68E-03

	Human toxicity
	kg 1,4-DCB-Eq
	1.80E-02
	2.76E-02

	Marine aquatic ecotoxicity
	kg 1,4-DCB-Eq
	1.96E-02
	2.30E+01

	Photochemical oxidation
	kg formed ozone
	7.80E-06
	2.55E-05

	Depletion of abiotic resources
	Kg antimony-Eq
	3.60E-04
	1.17E-07

	Stratospheric ozone depletion
	kg CFL-11-Eq
	6.40E-09
	1.18E-08

	Terrestrial ecotoxicity
	kg 1,4-DCB-Eq
	9.30E-06
	1.05E-04

	Land filling bulk waste
	kg waste
	3.50E-03
	2.87E-02

	Land filling hazardous waste
	kg waste
	7.00E-07
	5.74E-07

	Land filling radioactive waste
	kg waste
	8.00E-07
	6.73E-06



Learning Objective 3.2
Sketch the system boundary and flows for a life-cycle assessment.  
Lecture Notes
The system boundaries establish the inputs and outputs included in the LCA. This is important, since it limits the inputs and outputs for the next step in the LCA. For our example, we wanted to understand the environmental impacts of lighting options, so we included raw material inputs, manufacturing, transportation of the product, use and operation of the light, and the end of life. The system diagram provides additional detail in Figure 3. 
[image: ]
[bookmark: _Ref51324577]Figure 3. The system diagram for the example lighting LCA (Scholand and Dillon 2012)
As we start to detail the technology [A] matrix and create the inventory for our LCA, it often helps to sketch out each element of the system. For our example LCA, we can dive into the manufacturing process in more detail. Each step of the manufacturing can be further divided into unit processes. 
[image: ]
Figure 4. Major steps in the packaged LED manufacturing process (Scholand and Dillon 2012)
Adding detail allows us to further develop the inputs for each process. We rely on published data for each impact category, but a process like energy production is often well characterized based on cost and environmental categories. The mass per LED is the estimate, and may have higher uncertainty.
Table 3.	Example of one aspect unit process in full detail; this is for the material and energy used in the LED packaging assembly (Scholand and Dillon 2012)
	
	
	Amount

	Stage
	Material used
	Volume per LED
	Mass per LED

	Material
	Ceramic substrate (2-layer alumina)
	13.5 mm2/LED
	0.0135 g/LED

	Production
	Energy (kWh)
	0.03 mm2/LED
	0.03 kWh/LED

	Material
	ESD diode (Silicon)
	0.22 mm2/LED
	0.055 g/LED

	Material
	Gold
	0.004 mm3/LED
	0.00006 g/LED

	Material
	Underfill
	0.05 mm3/LED
	0.0196 g/LED

	Material
	Silicone
	8.4 mm3/LED
	0.00006 g/LED
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   Figure 4.5 LED Lamp Life-Cycle Energy Use Range (MJ/20 million lumen-hours)  In addition, the previous LCA studies indicate that while the energy contribution from lamp bulk  materials does not increase significantly with lumen output, the energy contribution from LED  packages does.  This is because the greater the lumen output of a product, the greater the number  of LED packages required to produce it. Therefore, as the performance of LED packages  improves there will be a large impact on the life-cycle energy consumption of LED lighting  products.  Using assumptions provided in the 2011 MYPP, an 800 lumen output LED lamp  required sixteen packages in 2011, but only five by 2015.  As shown in Figure 4.6, this reduces  the possible range of life-cycle energy significantly. 

 

Figure 4.6 Life-Cycle Energy of Incandescent Lamps, CFLs, and LED Lamps 

As discussed in section 4.1, the functional unit used in this report is 20 million lumen-hours and 

is based on the performance of the 2011 LED lamp.  Since the incandescent lamp and CFL have 
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Figure 4-1. System boundary of the Life Cycle Assessment of this Study (Part 2) 

 

 

As shown in the figure above, the impact inventories are broken down into the five life cycle stages, 

which include (1)  inputs / raw materials, (2) manufacturing, (3) transportation to point of sale, (4) use of 

the product and (5) end-of-life disposal / recycling. These five stages of an LCA are briefly described 

below. 

 

1. Raw Material Production - many products are made up of multiple components, and lamps are 

no exception. This first stage of the life cycle accounts for the emissions and resource usage 

associated with the production and transport of the various raw materials and intermediate 

products that are inputs to the final product. Estimating impacts of producing and transporting 

material inputs prior to their reaching the final manufacturer relies on Ecoinvent (version 2.2), an 

extensive database developed and maintained by the Swiss Center for Life Cycle Inventories.

1

 

 

2. Manufacturing - the manufacturing phase takes all of the raw materials defined above, as 

delivered to the point of production, and accounts for the energies used and emissions associated 

with fabricating the lamp. In this analysis all of the major component parts are depicted in the 

figure to highlight these component parts. 

 

3. Distribution - the distribution phase covers the transportation of the product from its point of 

manufacture to its point of installation and use. There might be a tendency when thinking about 

an LCA to believe that a detailed transport model will be required. However, for many products, 

transport and distribution form a small part of the overall environmental footprint. Impacts from 

distribution tend to be much more significant if the product needs to be refrigerated during the 

distribution stage of the process, which isn’t the case for lighting products. 

 

4. Use/Consumption - the use/consumption phase of a product is usually straightforward to 

describe, though it is important that a consistent basis is chosen to enable fair comparisons 

between different products. In order to be consistent with the Part 1 study, the use phase is based 

around the lighting service associated with each lamp type. 

 

                                                           

 

1

 Swiss Center for Life Cycle Inventories, http://www.ecoinvent.org/ 
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F i gu r e   5-1. Three Major Stages of Packaged LED Manufacturing 

 

F ol l ow i ng this structure, this chapter is divided into three sections, each discussing and describing   t he se 

s t a g e s  o f LED manufacturing. 

 

5.2.1   Substrate Production 

 

T h i s   s t a g

e

 is focused on preparing polished, cleaned sapphire wafers to use in an MOCVD r

e

a c t o r   fo r 

L E D   di e fabrication. Wafer manufacturing starts with the growth of large sapphire crystal boul e s .  To  

pr oduc e   these boules, a large amount of aluminum oxide is melted down and a seed crystal is i

nt

r oduc e d  

t o  t he   molten solution. This seed crystal is then pulled slowly out of the solution, and because   c r y s t a l  

g r ow t h  occurs uniformly in all directions, the cross section of the resulting crystal is circul a r .  T he  

di a m e t e r of the crystal is a function of the melt temperature, the speed of rotation and the speed at   w h i ch  

t he   s e e d  holder is pulled from the melt. The resulting boule must then be ground down to obt a i n   t h e  

de s i r e d   diameter before it is sliced into wafers, polished and cleaned for LED fabrication. 

 

T he   t a b l e on the following page provides the main processing steps involved in the production of s a pph i r e  

w a f e r s ,  starting with the growth of sapphire boules and ending with finished, cleaned wafers.  A   b r i e f  

de s c r i p t i on of each step is provided in the table, along with an indication of the resources consume d i n t he  

pr oc e s s , including both energy and material. The estimates provided in this table were kindly pr

ov

i de d  by  

Y ol e  D é veloppement and System Plus Consulting for the purposes of assisting with this LCA study .  


