
SUSTAINABLE CONSTRUCTION - ENVIRONMENTAL IMPACT 
ANALYSIS OF INTEGRATING RECYCLED HDPE INTO CORRUGATED 

PIPING 
 
 

Daniel Currence, P.E. 
Director of Engineering (Drainage Division) 

Plastics Pipe Institute 
Irving, TX  USA 

dcurrence@plasticpipe.org 
 

Beverly Sauer 
Senior Life Cycle Analyst and Project Manager 

Franklin Associates, A Division of ERG 
Overland Park, KS  USA 

Beverly.Sauer@erg.com 

 
 

  



 2 

Introduction 
 
Society’s call for improved stewardship of natural resources and public funds continues to grow.  
Combined with the challenges facing public infrastructure has resulted in the broadened expectation 
for sustainable and resilient materials and products to serve in these future public infrastructure 
needs.  Sustainability is most often synonymous with products being renewable and environmentally 
friendly, or causing low adverse environmental impact.  Resiliency implies long lasting and the ability 
to effectively serve within a wide range of unpredictable or extreme conditions.  The Plastics Pipe 
Institute (PPI) believes HDPE pipe is ideal for meeting sustainable and resiliency demands.  To 
scrutinize and analyze this assertion, PPI commissioned Franklin Associates to evaluate the 
environmental impacts associated with the cradle-to-grave life cycle of several different material 
types of pipes used in storm drainage. Included in this life cycle assessment (LCA) is the evaluation of 
corrugated HDPE manufactured with post-consumer recycled resins.  
 
Research has recently concluded on the performance of corrugated HDPE pipe made with recycled 
resins.1,2  As a result, North American standard specification bodies have recently expanded existing 
corrugated HDPE pipe standards (AASHTO M294 and ASTM F2306) to include recycled resins.3,4  
These new standards allow use of recycled HDPE drainage pipe within the public right-of-way.  This 
shift toward using recycled content presents an opportunity for design engineers and public utility 
agencies that are seeking to reduce their overall environmental footprint associated with storm 
drainage projects and encourage a circular economy for single-use plastics. 
 
As this LCA illustrates, corrugated HDPE pipe has favorable environmental impacts when compared 
with other storm drainage pipe materials.   By reducing the use of virgin HDPE and supplementing the 
blends with post-consumer recycled HDPE there are additional decreases in the overall 
environmental impacts realized initially and over the life time of the system.  HDPE pipe made with 
virgin or recycle resins are the sustainable, resilient and responsible choices for storm drainage 
applications. 
 
1  PURPOSE 
 
This study was commissioned by the Plastics Pipe Institute (PPI) to develop a comprehensive Life 
Cycle Assessment (LCA) for several types of plastic and non-plastic pipes used in stormwater drainage 
applications.  Life cycle stages evaluated include raw material extraction, pipe material production, 
fabrication, installation, service life, and end of life.  
The purpose of this analysis is to develop baseline data for North American polyethylene (PE) pipe 
made with virgin and 50% recycled resin content and used in stormwater drainage applications. The 
PE pipe systems are compared to alternative material piping systems used for the same applications 
including, reinforced concrete pipe and aluminized corrugated steel pipe.  The LCA evaluated the 
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energy demand, solid wastes, water consumption, and potential environmental emission impacts 
during the life cycle of stormwater drainage pipe systems.  The piping systems have been across their 
entire life cycle phases, to allow for detailed contribution analysis. These life cycle phases are: 
 
• Pipe production (includes raw material production and pipe fabrication) 
• Pipe transport to construction site 
• Excavation (for trench) 
• Installation  
• Gaskets  
• Use phase (cleaning) 
• End-of-life management  

 
The intended use of this study is to inform specifying agencies and design engineers about the 
environmental profiles of PE and alternative pipes in the specified applications. The LCA has been 
conducted following internationally accepted (ISO - International Organization for Standardization) 
standards for LCI methodology.  ISO 14040:2006 Environmental management—Life cycle 
assessment—Principles and framework, ISO 14044:2006, Environmental management – Life cycle 
assessment – Requirements and guidelines).  A panel of three independent professional experts 
conducted a peer review of the Franklin Associates report in conformance with ISO LCA standards.  
 
2  LIFE CYCLE ASSESSMENT AREAS 
 
2.1  Energy Demand 
Energy results include process energy, transportation energy, and energy of material resources.  
Process energy is used in all processes required to produce and install the pipe system, as well as 
energy consumed during use and end-of-life management.  Transportation energy is used to move 
material from location to location during its journey from raw material to finished product, as well as 
excavation and transport of postconsumer pipe to a landfill or recycling location.  Energy of material 
resource is not an expended energy, but the energy value of resources that are used as material 
inputs for materials such as plastic resins. Use of fossil fuel resources as a material input removes fuel 
resources from the energy pool; however, some of this energy remains embodied in the plastic 
material produced.  
 

The cumulative energy requirements for each system includes all types of renewable and non-
renewable energy, with the largest share coming from fossil fuels (natural gas, petroleum, and coal), 
nuclear energy, and hydroelectric energy.  
 
2.2  Solid Waste 
Solid waste is categorized into process wastes, fuel-related wastes, and postconsumer wastes. 
Process wastes are the solid wastes generated by the various processes throughout the life cycle of 
the container systems. Fuel-related wastes are the wastes from the production and combustion of 
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fuels used for energy and transportation. Postconsumer wastes are the wastes discarded by the end 
users of the product. Postconsumer wastes include the primary pipe, fittings, and the disposal of 
associated pipe and fittings’ packaging. 
 
2.3  Water Consumption 
Water consumption is categorized through all processes required to produce and install the pipe 
system, as well as water consumed during use (cleaning) and end-of-life management. The results 
also include consumption of water associated with the production and use of process and 
transportation fuels that are used in each process and to move material from location to location 
during its journey from raw material to finished product.   
 
2.4  Environmental Emissions 
When all the processes and materials involved in the life cycle of a product system are considered, 
there are hundreds of emissions released to the atmosphere and water in various concentrations at 
different locations over time. These emissions include process emissions and fuel-related emissions. 
Process emissions are those released directly from the sequence of processes that are used to 
extract, transform, fabricate, or otherwise effect changes on a material or product during its life 
cycle. Fuel-related emissions are associated with the combustion of fuels used for process energy and 
transportation energy. 
 
The full inventory of atmospheric and waterborne emissions generated in an LCA study is lengthy and 
diverse, making it difficult to interpret systems’ differences in individual emissions in a more concise 
and meaningful manner. Different emissions can have different potential impacts on the environment 
and human health. Life cycle impact assessment (LCIA) is required to evaluate the potential impacts 
of different substances on human health and the environment.  
 
The impact assessment for environmental emissions covers a range of LCIA categories. Categories 
were chosen that address global, regional, and local environmental impacts, including the following: 
 
• Global warming potential (kg CO2 eq) 
• Acidification potential (kg SO2 eq) 
• Eutrophication potential (kg N eq) 
• Ozone depletion potential (kg CFC-11 eq) 
• Smog formation potential (kg O3 eq) 
 
The PPI LCA expresses results using midpoint indicators that express emissions in terms of a reference 
substance (e.g., all greenhouse gas emissions are characterized to a common reference unit of CO2 
equivalents). Although the descriptions below include discussion of potential end effects on health or 
the environment for each category, modeling of potential endpoint damages are not included in the 
analysis. 
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Global Warming Potential 
The greenhouse gas emissions for each system are multiplied by their respective global warming 
potentials developed by the IPCC (Intergovernmental Panel on Climate Change)5. The global warming 
potentials are based on a 100-year time frame and represent the heat trapping capacity of the gases 
relative to an equal weight of carbon dioxide. Fossil carbon dioxide, methane, and nitrous oxide 
generally account for the majority of the total carbon dioxide equivalents in life cycle assessments of 
product systems. 
 
Acidification 
Acidification assesses the potential effect of acid rain on soil and water, which can cause serious harm 
to plant and animal life as well as corrosive damage to infrastructure such as buildings, monuments, 
and historical artifacts. Acidification in TRACI utilizes the results of an atmospheric chemistry and 
transport model, developed by the U.S. National Acid Precipitation Assessment Program (NAPAP), to 
estimate total North American terrestrial deposition due to atmospheric emissions of NOx and SO2, as 
a function of the emissions location. The TRACI method also characterizes the effect of other 
acidifying substances such as emissions of ammonia and acids.6,7 Acidification results in TRACI are 
reported as kg of SO2 equivalents. 
 
Eutrophication 
Eutrophication occurs when excess nutrients are introduced to surface water causing the rapid growth 
of aquatic plants. This growth (generally referred to as an “algal bloom”) reduces the amount of 
dissolved oxygen in the water, thus decreasing oxygen available for other aquatic species. The TRACI 
characterization factors for eutrophication are the product of a nutrient factor and a transport factor. 
The nutrient factor is based on the amount of plant growth caused by each pollutant, while the 
transport factor accounts for the probability that the pollutant will reach a body of water.  Emissions 
that contribute to the eutrophication results include nitrogen oxides, ammonia, phosphorus, nitrogen, 
Biological Oxygen Demand (BOD) and Chemical Oxygen Demand (COD).  
 
Ozone Depletion 
Stratospheric ozone depletion is the reduction of the protective ozone within the stratosphere 
caused by emissions of ozone-depleting substance (e.g. CFCs and halons). The ozone depletion 
impact category characterizes the potential to destroy ozone based on a chemical’s reactivity and 
lifetime. Damage related to ozone depletion can include skin cancer, cataracts, material damage, 
immune system suppression, crop damage, and other plant and animal effects. 
 
Smog Formation 
While ozone high in the stratosphere protects the earth from ultra-violet (UV) radiation, ground-level 
ozone (commonly known as smog) can have adverse impacts on human health and ecosystems. 
Tropospheric ozone is formed when pollutants emitted by cars, power plants, chemical plants, and 
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other sources react chemically in the presence of sunlight. Endpoint effects of such smog creation can 
include increased human mortality, asthma, and deleterious effects on plant growth; however, 
endpoint impacts are not included in this analysis. Potential smog impacts are reported in TRACI in 
units of kg of ozone equivalents. 
 
2.5  Functional Unit 
The functional unit for this evaluation of storm drainage pipe is 1,000 feet of installed 24” diameter 
pipe for 100 years of service. Some types of pipe are expected to last the full 100-year service period, 
while others require replacement during the period. For the purposes of this study, pipe materials 
were selected that have been reported to attain a service life of 100 years or more. Even though PPI 
may disagree with some of claim other materials make about service life, it was decided that this LCA 
would not debate those merits.  Instead, all materials evaluated were assumed to have the same 
service life.  Clearly, any less resilient pipe materials with a lower service life would necessarily result 
in greater negative impact than these presented since they would require replacement within the 
100-year service period. 
 
2.6  Pipe Material and their Service Life 
The service life evaluated in this analysis is 100 years. The lifetimes of different pipe systems can vary 
depending on material types, pipe use, soil conditions, proper installation techniques, etc. PE pipe 
does not corrode or become brittle over time. PE pipe systems are therefore very durable and are 
expected to last for the full 100-year service period or longer.  
Although some sources vary in their recommendations, 100-year service life was also assumed for 
RCP and aluminized corrugated steel pipe for the purposes of this evaluation. 
 
3  FABRICATION OF PIPE AND CONSTRUCTION 
 
3.1  Plastic Pipe Fabrication 
Plastic materials were modeled using resin production data developed for the Plastics Division of the 
American Chemistry Council (ACC) and updated in 2011.  
Corrugated HDPE pipe used in this evaluation would meet ASTM F2306 and AASHTO M294 standards 
for pipe made with virgin resin and recycle resin material.  The corrugated HDPE pipe uses 
simultaneous extrusion of two layers into the pipe wall —a solid, smooth, inner layer and a solid, 
corrugated outer layer. The inner surface provides the smooth, continuous surface necessary for 
satisfactory flow characteristics, and the outer segment develops the strength necessary for 
structural integrity. Energy requirements for extrusion of 24” corrugated HDPE pipe were based on 
the electricity and natural gas use per pound of HDPE for solid pipe extrusion.  
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3.2  Corrugated Steel Pipe Fabrication 
Corrugated steel pipe in diameter considered in this study is fabricated using coils of stainless steel 
strips (manufactured to ASTM standard A929 / A929M). For aluminum coated type 2 pipe, the coiled 
steel is hot-dip coated with 1 oz of pure aluminum per sq. ft. of steel.10 The coiled steel is fed through 
a decoiler and a series of leveling and flattening rolls and then passes through a rolling mill to create 
the corrugation. The steel strip enters the pipe forming apparatus (another set of rolls, including a 
curving head) at a specific angle, determined by the diameter of pipe being fabricated, is curved and 
rolled into a helical cylinder.11 The edges of strip may be joined with a continuous lock seam 
(mechanical joint) formed by the curving head or with a continuous weld seam using an automated 
welding machine.12 The pipe is then cut to length and an end re-corrugator may be used to create 
annular corrugations on the ends of the pipe.  
 
Modeling of aluminum coated steel sheet for stormwater pipe is based on a North American 
galvanized steel sheet data set, adjusted for use of aluminum coating. 13  Since there were no 
available metalworking data sets for the specific types of converting steps used to manufacture 
corrugated pipe from steel sheet, manufacturing energy use and emissions for converting aluminum 
coated steel sheet into corrugated pipe were modeled using average metalworking machine 
operating energy from an ecoinvent data set for metal product manufacturing (converting semi-
manufactured product into final product). Energy inputs were modified to use U.S. fuels and 
electricity data.  
 
3.3  Reinforced Concrete Pipe Fabrication 
Reinforced concrete pipes are made of a steel cage and dry mix concrete, composed primarily of 
stone, coarse sand, Portland cement, and water. The steel cage is typically fabricated by an 
automated spot welder that fuses a steel cable in a continuous spiral around multiple longitudinal 
steel rods. Centrifugal projection forming is used for concrete pipes of the size examined in this study. 
The steel cage is placed on a base ring inside a mold and cement is poured in while a screw moves up 
and down in the mold, pushing the concrete to the edges and leaving a hollow center. The pipe is 
removed from the mold and cured over 12 hours in high temperature and moisture conditions.  
 
Concrete pipe modeling is based on Life Cycle Inventory of Portland Cement Concrete (2007)14.  The 
steel reinforcement cage was modeled using Athena Sustainable Materials Institute’s data set for 
welded wire mesh with ladder wire.13 The Wire Reinforcement Institute’s Tech Fact Sheets was the 
source used for the weight of steel required per foot of a 24” concrete pipe.15 Energy use for 
manufacturing precast concrete pipes was obtained from The Portland Cement Association‘s 2007 life 
cycle study of concrete.14 
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3.4  Excavation 
For trenched installation of pipe, excavators or backhoes are used to dig and remove soil and rock 
from the trench where new pipe will be installed. The depth of the trench is modeled based on 4 
inches of bedding plus the pipe diameter plus 10 feet of cover. The 10’ cover depth is used for the 
entire 1,000 lf of the storm drain. 
To model energy and emissions from excavation, Franklin Associates modified ecoinvent’s data set 
for a hydraulic digger to use U.S. fuel inputs. Engineering calculations were used to determine the 
amount of soil excavated given the outer diameter of the pipe, the trench width on either side of the 
pipe, depth of bedding under the installed pipe, and the recommended ground cover above the pipe. 
Stormwater pipe was modeled with 10 inches of trench width on either side of the pipe and 4 inches 
of bedding. Energy and emissions from transportation are modeled using the single unit diesel truck 
transport module in the U.S. LCI Database.  
 
3.5  Pipe Installation 
After the trench is completed, clean select material free of large rocks or foreign objects that could 
damage the pipe is trucked in and laid in the trench as bedding under the pipe. The pipe is then placed 
in the trenches either manually or using equipment such as a backhoe or excavator and assembled. For 
jointed pipes this includes installing the gasket. Soil is backfilled and compacted around and above the 
pipe to the top of the trench. 
In this analysis, the rigid RCP pipe was modeled with select material (sand and gravel) used as 
bedding and fill up to the pipe’s springline (mid-point), and native soil from excavation used as fill 
from the mid-point to ground surface. Plastic and steel (flexible) pipes were modeled with select fill 
materials used as bedding and as fill surrounding the pipe and extending six inches above the pipe 
crown, and native soil from excavation is used to fill the remaining 9.5 feet over the pipe up to the 
ground surface. Excess soil from excavation was estimated to be trucked 50 miles for disposal.  
 
4  END OF LIFE PHASE 
 
This LCA is based on 100 years of service of each type of pipe.  Three separate scenarios were 
evaluated in the Franklin Associates report: leave in place; remove and landfill; and remove and 
recycle.  Due to the added complexities and uncertainties with making assumptions on material 
handling and recycling 100 years into the future, this paper focuses on the leave in place end of life 
scenario. 
 
For the leave in place scenario, no pipe removal at end of life was modeled. As a result, the leave in 
place scenarios have much lower solid wastes compared to other end of life scenarios because no 
postconsumer pipe is managed as solid waste. For pipe that is left in place or landfilled, no 
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projections were made about environmental impacts that might result from possible future 
degradation of the pipe over time in the ground. 
 

5  LIFE CYCLE ASSESSMENT RESULTS 
 

5.1  Cumulative Energy Demand 
Figure 1 shows that the combined energy impacts are primarily a result of initial pipe production.  Of 
secondary impact is the energy involved in pipe installation.  Aluminized steel pipes and HDPE pipe 
made with virgin resins have the highest energy demand across the life cycle.  Because RCP is 
assumed to require less imported backfill material than the flexible materials, it involves less energy 
for installation.  The pipe manufacturing process for RCP is also low due to the predominance of 
natural raw materials like sand and gravel, resulting in the lowest cumulative energy demand.  
Because the burdens for recycled resin are lower than for production of virgin resin, the 50% recycled 
content PE requires significantly less energy than the PE pipe made with virgin resin.  Overall, PE pipe 
made with 50% recycled resin content results in the lowest total energy demand.  
 
Figure 1 - Total Energy Demand (MJ/1000 ft of pipe used for 100 years) 

 
 

5.2  Solid Waste by Weight 
Figure 2 shows that RCP production generates the greatest amount of solid waste (>10x that 
produced by PE pipe), followed by aluminized steel pipe production.  PE pipes generate the smallest 
amount of solid water during production.  For the leave in place scenario, the pipe remaining in place 
is not counted as solid waste; however, if removed and landfilled at the end of life, RCP generates an 



 10 

extremely large solid waste impact compared to the other pipe materials analyzed due to the 
extremely high weight per linear foot of concrete pipe. 
 
Figure 2 - Solid Waste (kg/1000 ft of pipe used for 100 years) 

 
 

5.3  Water Consumption 
Figure 3 shows that the combined water consumption.  Like energy demand, water consumption 
results are primarily impacted by the pipe production phase.  RCP uses the largest amount of water 
during production, over 2x that of PE pipe.  Aluminized steel pipes have significantly greater water 
consumption during production than PE pipes.  Because the process of preparing post-consumer 
recycled resins involves washing operations, the water consumption for virgin and PE made with 50% 
recycled content are similar, with slight advantage to pipe made with recycled resins. 
 
Figure 3 - Total Water Consumption (L/1000 ft of pipe used for 100 years) 
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5.4  Global Warming Potential 
Global warming potential results are shown in Figure 4.  The majority of GWP is generally associated 
with carbon dioxide emissions from combustion of fossil fuels.  Aluminized steel pipe and RCP have 
the greatest impact to global warming potential. PE pipes have the lowest global warming potential, 
with some reduction in global warming potential for pipe made with 50% recycled content compared 
to pipe made with virgin resins, because less energy is used for recycled resins compared to virgin 
resin.  
 
Figure 4 - Global Warming Potential (kg CO2 eq/1000 ft of pipe used for 100 years) 

 
 
5.5  Acidification Potential 
Acidification impacts are generally dominated by emissions associated with fossil fuel combustion, 
such as sulfur oxides and nitrogen oxides. Figure 5 shows that aluminized steel pipe has the greatest 
impact to acidification potential, followed by RCP.  The impact to acidification potential is mainly for 
the pipe production and installation phases.  PE pipes have the lowest acidification potential, with 
slight reduction in acidification potential for pipe made with 50% recycled content compared to pipe 
made with virgin resins.  
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Figure 5 - Acidification Potential (kg SO2 eq/1000 ft of pipe used for 100 years) 

 
 
5.6  Eutrophication Potential 
Figure 6 shows eutrophication results. Aluminized steel and RCP share the greatest impact toward 
eutrophication potential.  For these two pipe types, the impact to eutrophication potential is largely 
attributed to the pipe production stage.  The eutrophication impacts for PE pipe production are lower 
than for the other pipe types evaluated resulting in the lowest overall eutrophication potential. 
 
Figure 6 - Eutrophication Potential (kg N eq/1000 ft of pipe used for 100 years)  
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5.7  Ozone Depletion Potential (ODP) 
Ozone depletion results are shown in Figure 7. ODP results for steel pipe production shows a negative 
net effect.  The cradle-to-grave world-steel data indicated negative amounts of atmospheric 
emission; this is likely associated with the expansion credits for avoided production of fuels and 
chemicals displaced by steel production co-products.  This same basis for steel production lowers the 
impact for the steel used in RCP production as well.  Therefore, using the 2018 world-steel data 
results in PE stormwater pipe having lower ODP than RCP but higher than for aluminized steel. There 
is not a significant difference between pipe produced with virgin versus 50% recycled resins. 
 
Figure 7 - Ozone Depletion Potential (kg CFC-11 eq/1000 ft of pipe for 100 years)  

 
5.8  Smog Formation Potential 
Figure 8 presents results for smog formation potential. For the pipe production phase, the potential 
for smog formation from PE pipes is less than 1/3 that of RCP, and approximately ¼ of aluminized 
steel.   
 
Figure 8 - Smog Formation Potential (kg O3 eq/1000 ft of pipe used for 100 years)  
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6   SUMMARY 
A summary of normalized impacts from energy demand, solid waste, water consumption, and global 
warming potential for the stormwater systems evaluated is provided in Figure 9.  The figure 
illustrates which pipe systems tend to have more low or high results relative to other pipe systems.  
For each impact category, the results within that category are normalized against the system with the 
highest results for that category. For example, for cumulative energy demand, aluminized corrugated 
steel pipe has the highest results for the leave in place scenario, so it is shown in Figure 9 as the 
reference system at 100%. 
 
From these four key areas of analysis, Figure 9 shows that the impact for 24” corrugated HDPE pipe 
made with virgin resins are lower than or comparable to all other stormwater pipe systems analyzed, 
with the lone exception being energy demand. A large share of the total energy demand for virgin PE 
pipe is the energy content of the petrochemical feedstocks used to produce the resin. Unlike the 
energy demand for RCP and steel pipe, where all of the energy is consumed energy, much of the 
feedstock energy for plastic pipe remains embodied in the pipe material. Other than RCP having 
lower energy demand than virgin HDPE, no alternative pipe systems have lower results than HDPE 
pipe.  Corrugated HDPE pipe made with 50% post-consumer resins has consistently equal or more 
favorable results than virgin HDPE pipe.  In addition, the low energy demand for HDPE pipe with 
recycled resin is comparable to the energy demand of RCP. 
 

Figure 9 - Normalized LCA Results Grouped by Pipe Type  
(1,000 feet of pipe for 100 years service, leave in place at end of life) 

 
 
Figure 10 compares the emissions categories in normalized graphs.  Here again, HDPE pipe is shown 
to result in less environmental impact than alternative storm pipe materials.  
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Figure 10 - Normalized Environmental Emission Results Grouped by Pipe Type  
(1,000 feet of pipe for 100 years service, leave in place at end of life) 

 

 
As this LCA illustrates corrugated HDPE pipe has favorable environmental impacts across the life cycle 
phases when compared with other storm drainage pipe materials.   By reducing the use of virgin 
HDPE and supplementing the blends with post-consumer recycled HDPE there are additional 
decreases in the overall environmental impacts realized initially and over the life of the system.  HDPE 
pipe made with virgin or recycle resins are the sustainable, resilient and responsible choices for storm 
drainage applications. 
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