











FIGURE 8. Greenhouse gas impacts for the manufacturing stage by product / material type.

as steel (0.86 pts/kg vs. 0.44 pts/kg), and over five and a half times more greenhouse emis-
sions (14.8 kg CO,-eq/kg vs. 2.6 kg CO,-eq/kg). While less mass of aluminum could be used
to replace steel, it is only 1.4 times as strong and only one third as stiff per unit weight—not
enough of a reduction to overcome the higher impacts for virgin aluminum.

Manufacturing and assembly of the raised floor ventilation system comprises a signifi-
cant negative impact within the manufacturing stage. Therefore, this could be indentified as
a potential candidate for focused sustainability redesign. However, the decision of whether
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to alter this element requires consideration of the entire building life-cycle. The raised floor
serves as a plenum for under-floor air distribution, enhancing the energy-efficiency of the
building. Figure 3 and Figure 4 show that design decisions involving energy use have a much
larger effect on life cycle environmental impact than manufacturing-stage decisions. Thus, any
design recommendations intended to reduce manufacturing impact of the raised floor system
should not compromise its role in building energy efficiency.

The impacts of the concrete foundation, particularly global warming potential impacts,
are high. The initial model is based on ordinary Portland cement concrete without the use of
supplementary cementitious materials (SCMs) such as fly ash or ground granulated blast fur-
nace slag. These materials are well known to reduce the global warming potential of concrete
materials by replacing carbon-intensive cement with cementitious industrial waste products.®
The actual building studied used a high percentage (70%) of blast furnace slag in its concrete
foundation, so its impacts are a great deal smaller than shown in these models. However, San
Francisco’s mild climate allows higher percentages of fly ash or slag than regions which must
contend with harsh freeze-thaw cycles. ACI 318-08, Building Code Requirements for Struc-
tural Concrete,* places a limit of 25% replacement of cement with fly ash for harsh envi-
ronmental exposure conditions. Conservatively assuming this replacement limit for this case
study, in order for the results to be applicable nationwide, the substitution of cement with fly
ash still significantly reduces the greenhouse gas impact of the concrete materials in the assem-
bled prefabricated structure. This comparison is shown in Figure 9. As seen, just through this
simple material change (which has no impact on the structural performance or construction
timeline), a 3.4% reduction in material-related greenhouse gas emissions is achieved. This
change also reduces the relative impact of concrete materials within the prefabricated structure
from 14% to 11%, taking it down in priority from the third-largest cause of greenhouse gases
to the fourth-largest.

Carpeting, surprisingly, comprises much larger impacts than glass for windows or the
much larger volumes of plastics used for insulation in the building. The simple carpet model
assumed virgin nylon and PVC, as mentioned in the “Methodology” section. This is in con-
trast to the actual high-recycled-content carpet used in the building. The surprisingly high
result was not so large that improving the model’s accuracy was deemed useful for this study,
but it is recommended for future studies and design recommendations.

As seen when comparing Figure 5 and Figure 6 or Figure 7 and Figure 8, greenhouse gas
emissions are not always well-correlated with broader environmental impacts. Perhaps most
noteworthy is the concrete for the foundation, which in Figure 8 exhibits the 3rd-highest
greenhouse impact but in Figure 7 only exhibits the 7th-highest total life cycle impact. Con-
crete has disproportionately low total impacts as compared to global warming impacts because
of the large amounts of CO, emitted at the cement plant during calcination of limestone
(calcium carbonate) for the production of cement. This CO, from calcination is in addition to
process CO, emissions from burning fuel to heat the cement kilns. Another notable example
is sheet steel. Due to the chemicals used for galvanization, sheet steel has disproportionately
higher overall environmental impacts as compared to climate change impacts. Wood also has
disproportionately higher overall environmental impacts than CO, impacts because wood
products sequester carbon dioxide during growth, thereby reducing climate change impacts.
The relatively poor correlation of climate change impacts with broader environmental impacts
indicates that for materials production, energy consumption or greenhouse gas emission
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FIGURE 9. Greenhouse gas impacts for the manufacturing stage by product/material type for

case study building using (left) conventional concrete (duplicating Figure 8) and (right) concrete

incorporating 25% fly ash replacement of cement in concrete.

Standard Concrete

25% Fly Ash Concrete

kg CO2e kg CO2e
5 s 8 8 g 8 3 s s 8 & & 8 8 8
8 & 8 ® B g 8 8 g8 s 8 B & B & § &
Sheet steel:  25% [ Sheet steel: | 26% [
Tate flooring (all): 10% - | Tate flooring (all): | 10% - ]
Structural Steel: | 15% [N , Structural Steel: | 16% [T
Aluminum (all):  12% - Aluminum (all): | 12% - 4
Foundation Rebar: 5% - ) Foundation Rebar: | 5% - |
Carpet: | 8% I ‘ Carpet: | 8% [
Foundation Concrete:  14% - 1 Foundation Concrete: | 11% -
Hvac: 2% [ Hvac: | 2% [
PU - roof insulation: 3% . PU - roof insulation: | 3% .
Glass: 2% . Glass: | 2% |
EPS Insulation: 1% l EPS Insulation: | 2% I
Wood rainscreen: -I%IV Wood rainscreen: -I%I
Plumbing pipe: 0.2% | Plumbing pipe: | 0.3% |
Plywood shear walls: -0.7%' Plywood shear walls: 07%'
Lighting (total): | 0.2% | Lighting (total): | 0.2% |
Durolast roof membrane: = 0.3% I Durolast roof membrane: | 0.3% I
Copper - wiring:  0.1% | Copper - wiring: | 0.1% |
FRP wall finish: 0.4% I FRP wall finish: | 0.4% |
Paint: | 0.6% | Paint: | 0.6% |
Gypsum Sheathing:  0.2% | Gypsum Sheathing: | 0.2% |
Stainless Steel Screws:  0.2% | * IPCC 100-year Stainless Steel Screws: | 0.2% I =IPCC 100-year
Acoustic batting in Epic: | 0.2% I Global Warming Acoustic batting in Epic: | 0.2% | Global Warming
Potential | Potential
Linoleum: 0.1% | Linoleum: | 0.1% |
Bathroom fixtures (toilets only):  0.1% | Bathroom fixtures (toilets only): | 0.1% |
Glass Finish: | 0.1% | Glass Finish: | 0.1% |
Polyethylene: 0.0% Polyethylene: 0.03% |
Rainscreen finishing:  0.0% Rainscreen finishing: 0.01% |
Drywall joint compound:  0.0% Drywall joint compound: 0.00% |

should not be used by designers as a surrogate for total environmental impacts. Rather, a more
complete life cycle assessment should be used. A similar trend was also noted by Sartori and
Hestnes.'®

Having identified the sources of largest impact, designers can begin to make targeted deci-
sions for reduction. Strategies for material impact reduction, for instance, could include mate-
rial use reduction, increased recycled content, material substitutions, or process substitutions
(i.e. replacing galvanization with other less intensive processes that do not reduce the expected
lifetime of the building, since that would likely cause a net worsening of impacts despite
reduced sheet metal processing impacts). Particular design recommendations are application-
specific and outside the scope of this paper, but this LCA-based framework can be used to
determine the marginal environmental cost of different decisions, thus allowing designers to
rationally weigh their costs and benefits.

A number of potential design recommendations have been discussed here, including the
use of supplementary cementitious materials to replace cement in concrete, and the use of
recycled carpet. In each case, the design recommendation involves a material substitution.
More sustainable designs can also include changes to an entire building system, such as reduc-
ing insulation, or eliminating the raised floor ventilation system, but these would have to be
weighed against their impacts to energy performance during the use phase.
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CONCLUSION

As seen from the findings, the top priority for the more sustainable design of a prefabricated
commercial building is reducing energy impacts during the building use phase, through energy
efficiency and clean energy generation. This falls in line with the findings of life cycle assess-
ments conducted for conventionally constructed commercial buildings. Even when designed
for energy efliciency, built using advanced prefabrication manufacturing techniques, and gen-
erating 30% of its own energy from on-site solar PV, energy consumption still makes up over
60% of life cycle impacts. However, once a building approaches net zero energy, the largest
remaining impacts become construction material choices. As efforts such as Architecture 2030
make net zero energy buildings more widespread, green materials and manufacturing will
become more of a priority for sustainable design.

In a prefabricated building of the type studied here, the three largest material and manu-
facturing impacts that can be addressed without significantly affecting the use-phase energy
consumption of the building are use of galvanized sheet steel, structural steel, and concrete
foundation design.

This study demonstrates that design decisions can be rationally prioritized and directed
with the aid of life cycle assessment tools. For instance, LCA modeling showed that although
eliminating the under-floor heating and cooling system would reduce material impact inten-
sity, it may not be beneficial from a life cycle perspective, since it affects energy consump-
tion during the use-phase, which dominates life cycle environmental impacts. It also showed
that replacing sheet steel with aluminum would not be environmentally beneficial with exist-
ing virgin aluminum building products. Modeling also showed that the use of fly ash in the
foundation concrete (as used in the actual building) is very beneficial, despite being a simple
and inexpensive material substitution. Finally, the analysis showed that some materials had
surprisingly high impacts (such as sheet steel and carpet), which helps designers be aware of
where their intuitions of high-impact materials may be wrong. The design of green build-
ings is a complex interplay of many factors, and LCA is a powerful tool to help prioritize and
evaluate design options.
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