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Abstract

A two-parameter environmental (measured in CO2eq—CO; is used in this paper to repre-
sent the carbon dioxide molecule as opposed to the chemical formula CO; as is common
practice in LCA studies; CO2eq is an abbreviation for CO, equivalent and may be writ-
ten as CO2e in the literature) and economic (measured in USD) analysis using life cycle
analysis (LCA) and techno-economic analysis (TEA) of repurposed wind turbine blades
for structural use in recreational trail bridges (e.g., on hiking trails and golf courses) is
described in this paper. The US Department of Energy’s TECHTEST TEA /LCA software
(v1.0) platform was used to compare three commercially available trail bridges (a steel
truss bridge, an FRP pultruded truss bridge, and a glulam stringer bridge) with a bridge
made from retired wind turbine blades (known as a BladeBridge). All bridges had a 50 ft
(15.24 m) long by 6 ft (1.83 m) wide deck and were designed for a 90 psf (4.3 kN/ m?)
live load. The LCA functional unit was the assembled bridge, which was made ready
to be shipped from the fabricator. Cradle-to-gate (A1-A3, i.e.,, raw material extraction,
transportation, and manufacturing) system boundaries were used. For the BladeBridge, no
embodied carbon was attributed to the blade itself (cut-off system allocation). For the TEA,
a USD 660/tonne credit was attributed to the blade. The raw materials for each bridge
were determined from detailed construction documents. Manufacturing and transportation
energy were determined based on the equipment used for fabrication and geographical
location. Direct labor for fabrication was calculated based on a weighted average of salaries
taken from the US Bureau of Labor Statistics. The results indicate that raw materials had
the biggest effect on embodied CO2eq and that labor had the largest impact on cost for
all bridges. The results indicate that the BladeBridge is significantly less expensive to
produce and releases less CO2eq into the environment (less Global Warming Potential
(GWP)) than the three commercially available bridges. Additional TEA metrics for the
BladeBridge, including Technology Readiness Level (TRL) and future market potential,
were also evaluated and found to be positive for the BladeBridge technology.
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1. Introduction

Many wind turbines have reached the end of their effective service lives and are being
dismantled. In total, 85% of the components of a wind turbine are made of conventional
materials (steel towers, elevators, ladders, platforms and turbines, reinforced concrete
foundations, and copper and aluminum wiring) and can be recycled in well-known, com-
mercially available, processes. The remaining 15% of the turbine (the blades, nose cone,
and the nacelle that houses the turbine generator) are mainly FRP materials, primarily or
exclusively glass fiber-reinforced epoxy or polyester materials, and FRP sandwich struc-
tures with polymer foam or balsa wood cores and polymeric adhesives. These materials
cannot be easily recycled and are typically sent to landfills or incinerated. Starting around
2010, when large numbers of wind turbines started coming out of service, in the US and
elsewhere, attention began to be focused on the sustainability and circularity of the end of
life of the FRP components of wind turbines. Landfilling and incineration options have
been found to be unsustainable and environmentally harmful [1,2]. A number of alter-
native downcycling solutions have been proposed (e.g., cement co-processing, grinding
into filler material, pyrolysis and solvolysis for fiber reclamation and resin recovery, and
others) Upcycling solutions include full turbine or blade reuse in different locations or
repurposing of the FRP parts for other uses (e.g., bridge girders, poles, floating structures,
furniture) [3-5].

In order to evaluate the sustainability of the repurposing of decommissioned FRP
wind turbine blades, they should be compared to existing products using identical life cycle
assessment (LCA) and techno-economic analysis (TEA) methodologies. One such method
that has been developed by the US Department of Energy is “The Techno-Economic Energy
& Carbon Heuristic Tool for Early-State Technologies v1.0 (TECHTEST)” [6]. As stated on
the DOE website, “TECHTEST aids users in estimating potential energy, carbon, and cost
impacts of a new technology in a streamlined spreadsheet tool that integrates life cycle
assessment (LCA) and techno-economic analysis (TEA) methods. TECHTEST utilizes user
data and pre-prepared data tables derived from publicly accessible information to create
cost, energy, and emissions profiles for a technology throughout its life cycle, covering all
stages from cradle to grave.”

In this paper, the TECHTEST tool was used to compare four recreational trail bridges:
(1) an FRP pultruded truss bridge, (2) a steel truss bridge, (3) a glulam timber stringer
bridge, and (4) a BladeBridge. Only the production (or fabrication) stages (A1-A3: raw
material extraction, transportation, and manufacturing) of the life cycle were considered
for the bridges in this paper. The BladeBridge used portions of two large wind blades as the
bridge’s primary load-carrying girders. The bridges were all designed to be 50 ft (15.24 m)
long by 6 ft (1.83 m) wide and designed to carry a 90 psf (4.3 kN/m?) live load for a 60-year
design life (which is the US standard for pedestrian bridges [7]). The 50 ft (15.2 m) length
was chosen to enable standard non-permitted truck transportation of the blade segment
and is the typical length decommissioned blades are cut to for transportation when their
reuse as blades is not considered. For steel and FRP bridges, it is standard practice to
splice bridges longer than 50 ft (15.2 m). Glulam timber bridges are seldom used over 50 ft
(15.2 m) in length and have a maximum permitted length of 60 ft (18.3 m) (USDA [8,9]).
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The Re-Wind Network [10] has spent the past 9 years designing, analyzing, testing,
and building bridges made with wind turbine blades and has demonstrated constructability,
produced construction documents, developed connection details, and proven the load-
carrying capacity of such bridges. In January 2022, a BladeBridge was constructed on a
greenway in Cork, Ireland (designed for pedestrians, cyclists, and a 12-tonne maintenance
vehicle), and in May 2022, a test BladeBridge was constructed in Draperstown, Northern
Ireland [11-14]. A group from the Rzeszow University of Technology in Poland and a waste
management company, Anmet (Poland), also conducted research on bridges made from
wind blades and installed the first bridge made from turbine blades in Poland in October
2021 [15-17]. The blade segment was tested in a laboratory prior to the construction of
the bridge. A BladeBridge can also be spliced to achieve longer lengths, as seen in this
bridge. In June 2025, a BladeBridge using a single blade segment with two cantilevered
pedestrian decks was constructed in a park in Atlanta, GA, USA [18]. A photograph of
this BladeBridge is shown in Figure 1 below. It is evident from the bridges already in
service in Poland, Ireland, and the US that the construction of bridges using wind blades is
technologically feasible.

(a) (b)

Figure 1. BladeBridge in Atlanta, Georgia, USA (2025). (a) Side view over the creek. (b) Deck
sub-structure prior to deck planks being installed [18].

Detailed cost data were provided in [19] for two BladeBridges constructed in Ireland
and the UK—one by a commercial steel distribution and fabricating company (AR Brown-
low Ltd., Cork, Ireland) and one by the in-house staff of a university (Queen’s University
Belfast). The paper shows fabrication and construction details for BladeBridges of the
type analyzed in this paper and demonstrates that such bridges are easy to fabricate us-
ing standard fabrication and construction technologies. A sustainability analysis of the
repurposing of wind turbine blades is reported in [20]. A variety of end products were
considered (including a BladeBridge). It was concluded that the substitution of blade
segments for conventional steel products was environmentally beneficial but depended on
transportation distance. The detailed full life cycle sustainability and life cycle cost (LCC)
analysis of an innovative FRP pedestrian bridge was reported in [21]. It was demonstrated
that the FRP bridge showed economic and environmental benefits over a steel bridge,
although the end-of-life alternatives were unclear given the uncertainty of EOL options for
FRP materials. A detailed comparison of the life cycle impacts (CO2eq) of three 8 m long
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girder-type bridges (FRP, RC, and steel) was reported in [22]. An early version of this work,
comparing the four bridge types listed below, is described in [23].

The primary purpose of this paper is to determine whether a BladeBridge can be
cost-competitive and have lower cradle-to-gate CO2eq than common conventional trail
bridge alternatives when evaluated using a unified TEA plus LCA framework.

2. Design Codes and Standards for the Four Bridge Types

The four different bridge types compared in this paper are shown in Figure 2. Design
codes and standards used to design and estimate quantities for the four bridge types are
described further in this section. All bridges had a 50 ft (15.24 m) long by 6 ft (1.83 m) wide
deck and were designed for a 90 psf (4.3 kN/m?) pedestrian live load. Snow load was
not considered, as it is typically less than the pedestrian live load except in very remote
mountainous areas where these prefabricated bridges would generally not be used [7].
They were all designed for a 60-year service life. Since the bridge deck was 6 ft (1.83 m)
wide, it was not designed for vehicular loading. Vehicular load for trail bridges between
7 ft (2.13 m) and 10 ft (3.1 m) is for a 5-ton (10,000 lbs, 4.54-tonne, 44.5 kN) vehicle [9]. Most
narrow golf course bridges are designed for a golf cart (and 2—4 passengers) and a small
ATV maintenance vehicle weighing approximately 2000 Ibs (8.9 kN). All bridges discussed
in this paper can be designed for vehicular loads if necessary.

7 N S— " W—— i w— -

3
—, .
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- g Tl
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Figure 2. (a) FRP pultruded truss bridge (Creative Composites Group). (b) Steel truss bridge
(Contech). (c) Glulam girder bridge (Western Wood Structures). (d) BladeBridge (Re-Wind Network).

2.1. FRP Pultruded Truss Bridge

The FRP truss bridge (Figure S1, Supplementary Materials) was designed by ET
Techtonics Inc., Philadelphia, PA, USA according to AASHTO design specifications for

https://doi.org/10.3390/su18031439


https://doi.org/10.3390/su18031439

Sustainability 2026, 18, 1439

50f21

FRP recreational bridges [24]. The timber decking was designed according to the National
Design Specification (NDS) for Wood Construction [25].

All four bridges considered in this paper were designed with the same Southern
Yellow Pine (SYP) 3 x 12 dimensional lumber (actual dimensions 11.25 (28.6 cm) by 2.5 in
(6.4 cm)) timber decking planks (not described again for the other three bridge types). Only
the connection hardware and deck sub-structure (stringers and floor beams) used were
different. These differences are included in the TEA and LCA analyses.

2.2. Steel Truss Bridge

The steel truss bridge (Figure S2, Supplementary Materials) was designed in house
at Georgia Tech following steel recreational bridge common industry practice [7,26] and
in accordance with the US Forest Service Prefabricated Steel Bridge plans and specifica-
tions [8,9]. It was designed using two 5 ft (1.52 m) deep trusses at each side as the main
structural supports. The steel used was A709 Grade 50 Corten weathering steel, a steel
type commonly used in outdoor recreational bridges for its corrosion resistance properties.
Hollow structural section tubing and C-channels were used for all the structural compo-
nents of the truss. As noted previously, the steel truss bridge was designed for a 90 psf
(4.3 kKN /m?) live load but not for snow load or for a 5-ton (44.5 kN) H-5 vehicle [9].

2.3. Glulam Stringer Bridge

A standard glulam stringer bridge (Figure S3, Supplementary Materials) with dimen-
sions provided by the US Forest Service USDA standard trail bridge plans [8] was used.
No design calculations were required.

2.4. BladeBridge

The BladeBridge (Figure 3) was designed according to the AASHTO bridge code [7].
Wind turbine blade sections from 49 m (160.7 ft) Siemens Gamesa Renewable Energy
(SGRE) wind turbine blades were used as the main structural girders for this bridge.
A 16 m (52.5 ft) section from the mid-section of the 49 m blade was chosen to address
strength and deflection criteria, as well as minimizing the size for architectural aesthetics
and constructability reasons. A detailed structural and finite-element analysis of this
blade segment is presented in [18] and of dual-girder BladeBridges in [13,14]. The decking
system, transverse deck supports, and guardrails were made from glulam and sawn lumber
members. The decking system was connected to sawn lumber ledger beams using joist
hangers that were bolted to the wind turbine blades using steel through bolts.
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Figure 3. Dual-girder BladeBridge (Re-Wind USA) (1’ = 12" = 30.48 cm).

3. Results for LCA and TEA for the Four Bridge Types

LCA and TEA Analysis Boundaries

The functional unit for the analyses was a fully fabricated dual-girder bridge (ready to
ship by truck) with a 50 ft (15.24 m) long by 6 ft (1.83 m) wide timber bridge deck designed
for a 90 psf (4.3 kN/m?) live load, a 60 yr service life, and installed in the continental US.

A cradle-to-gate TEA/LCA was performed for all the bridges. The material extraction
is the “cradle”, and the “gate” is the fabricated bridge in the shop, ready to ship (A1-A3
system boundaries). The use phases (field installation, in-service maintenance, or repair)

and end-of-life phases were not considered in the TEA /LCA for the following reasons:

1.  The field installation (on-site construction) for all four bridge types is similar. The

bridge is loaded onto a truck and transported to the site and then lifted onto prein-

stalled concrete abutments using a crane. A timber deck is often installed in the field

(see Figure 1b). On rare occasions, an FRP pultruded bridge is assembled on site.

2. In-service maintenance and repair are also expected to be similar for all four bridge

types—and mostly dependent on the timber decking materials used and not on the

superstructures—although it is arguably less for the FRP pultruded truss bridge and
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the BladeBridge due to their superior corrosion resistance. It is well documented that
steel and timber recreational bridges of this type have been in service for over 60 years
with regular maintenance. FRP pultruded structures have been in service for over
50 years with minor maintenance [27].

3. FRP wind turbine blades have been in service since the 1980s. The end-of-life phases
were not considered in this study since end-of-life solutions for wind turbine blades
are not yet fully understood and are the subject of current research efforts [1-5]. An In-
ternational Energy Agency (IEA) task group (IEA Task 45) is currently developing
guidelines for end-of-life technologies for wind blades.

The summary of the TECHTEST results for the four bridge types shown in Tables 1-3
shows the cost, emissions, and weight comparisons for the four bridge types. Table 4 shows
percentage differences between them. Figure 4 shows the tabulated cost and emissions data
in bar charts (full detailed input and calculation TECHTEST worksheets are provided in
the Supplementary Materials). Explanations and details of the categories in Tables 1-4 are
provided in the section that follows.

Table 1. TECHTEST cost comparisons (USD).

. FRP Pultruded Truss Steel Truss Glulam Stringer .
Categories Bridge Bridge Bridge BladeBridge
Capital Expenses (CapEXx)
Facility Overhead Charges USD 6630 USD 6630 USD 6630 USD 6630
Operating Expenses (OpEx)
Raw Materials UsD 27,378 USD 7952 USD 21,995 USD 5344
(including Timber Deck)
OpEx
Raw Materials USD 1835 USD 1835 USD 1835 USD 1835
Timber Deck (Alone)
OpEx
Used Carbon (Energy) USD 398 USD 402 USD 621 USD 516
Fabrication and Transportation
OpEx
. USD 25,027 USD 33,314 USD 24,029 USD 18,326
Direct Labor
Total Cost USD 59,433 USD 48,298 USD 53,275 USD 30,817

Table 2. TECHTEST total embodied (kg CO2eq) and used carbon (100-yr GWP kg CO2eq) comparisons.

FRP Pultruded Steel Truss Glulam Stringer

Categories Truss Bridge Bridge Bridge BladeBridge
Embodied Carbon (kg CO2eq)
(incllilaizlvgl\"/II'fI;eglearl]S:)eck) 5476 4837 4413 2654
Timber Deck (alone) 431 431 431 431
Used Carbon (100-yr GWP kg CO2eq)
Fabrication and Transportation 368 368 1145 782
Total Embodied and Used Carbon 5844 5205 5558 3436
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Table 3. Summary of cost, CO2eq, and weight comparisons.

FRP Pultruded Steel Truss Glulam Stringer

Categories Truss Bridge Bridge Bridge BladeBridge
Total Cost (CapEx + OpEx) USD 59,433 USD 48,298 USD 53,275 usD 30,817
Cradle-to-Gate Total Embodied
(kg CO2eq) and Used Carbon 5844 5205 5558 3436
(100-yr GWP kg CO2eq)
Weight
Raw Materials (kg) 2260 3243 6235 7645
(including Timber Deck)
Weight
Timber Deck (kg) (Alone) 957 957 957 957
Table 4. Relative cost and CO2eq impacts of the four bridge types.
Bridee Tvpe Total Cost % Difference * Total Embodied and Used % Difference *
8¢ yp (USD) (Cost) Carbon (kg CO2eq) (Carbon)
BladeBridge USD 30,817 - 3436 -
FRP Pultruded Truss Bridge USD 59,433 +48% 5844 +41%
Steel Truss Bridge USD 48,298 +36% 5205 +34%
Glulam Stringer Bridge USD 53,275 +42% 5558 +38%
* % difference = (ConveFé?;\:elnliir(i)ig;EES;:)Bridge) x100.
A graphical comparison of the data in Table 3 is shown in Figure 4.
$70,000
e
= $60,000
S
= $50,000
2
S $40,000
g
s_': $30,000
@
-1 $20,000
Q
s $10,000
o
. 0 — ]
g‘}' FRP Bridge Steel Truss Bridge Glulam Stringer Bridge BladeBridge
= Raw Materials Manuf. & Transp. Energy u Direct Labor u Facility Overhead
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Figure 4. Cont.
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z 3 2
8 8 8

Carbon (kg CO2eq)

g
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FRP Bridge Steel Truss Bridge Glulam Stringer Bridge BladeBridge

® Raw Materials # Manufacturing & Transportation

(b)

Figure 4. Graphical comparison of tabulated data for (a) production cost (USD) and (b) embodied
and used carbon (kg CO2eq) of the four bridge types.

4. Data Categories for LCA and TEA for the Four Bridge Types

4.1. Capital Expenses
Facility Overhead Charges

All the bridges described in the foregoing can be fabricated in any reasonably equipped
steel, timber, or FRP fabrication facility (or machine shop). Three of the authors (TRG, LCB,
EPJ) have decades of experience with structures of this type and are very familiar with their
design and fabrication details and equipment and manpower needs.

For the TEA, a USD 300,000 annual cost of debt service for land acquisition, facility
construction, initial equipment purchases, and annual equipment replacement was as-
sumed for all bridge types. Assuming 50 bridges fabricated per year (one per week) of
any type in one fabricating facility by one production crew, this translates to USD 6000 per
bridge. Additional minor capital expenses for equipment maintenance (5%) and specialized
equipment per bridge type were added.

For the LCA, no CO2eq emissions were attributed to the capital expenses.

4.2. Operating Expenses (Fabrication)
4.2.1. Raw Materials

For the LCA, embodied carbon Life Cycle Inventory (LCI) data for steel and timber
materials of different forms were taken from [28,29]. These are known as the Inventory
of Carbon and Energy (ICE) values and have been updated periodically on the Circular
Ecology website [29]. The ICE data are based on a cradle to production gate (A1-A3: raw
material extraction, transportation, and manufacturing). The life cycle inventories listed in
ICE v.1.6a-4.0 were reviewed, and representative values were selected. For steel and timber
materials, there were small changes in values from the original ICE v1.6 to the current v4.0.
For the FRP materials, LCI values published in ICE v1.6a were used and checked with
those for other glass/epoxy materials published in [22,30], which were determined using
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the Ecoinvent and Ansys Granta LClIs for glass/epoxy composite materials, respectively.
These data are presented as CO, or CO2eq values. The conversion to 100 yr GWP changes
the CO;, kg/kg value to the CO2eq kg/kg value [31]. As noted in [28,29], not all the data
for materials are able to be converted to the 100 yr Global Warming Potential (GWP) Life
Cycle Inventory Assessment (LCIA) category per the IPCC procedures due to the lack of
sufficient data on fuel type used to produce the materials. Given the rather wide range
and uncertainty of embodied carbon values for these construction materials (structural
steel with/without recycled content, galvanized steel hardware, timber of different forms
(glulam, plywood, dimensional lumber, and pultruded fiber-reinforced polymer (FRP)
materials)), this difference is felt to be within the range of values presented in the literature
and is felt to be acceptable. However, in the calculation of the carbon emission due to
the production (see the Manufacturing Energy section below) of the bridges used in this
study, where electricity and transportation fuel (diesel) is used in the conversion of the raw
material to the bridge item (the functional unit under consideration), TECHTEST converts
all stationary (electricity) and mobile (transportation fuel) energy data to the 100 yr GWP
LCIA category using the IPCC procedures [6].

For the TEA, raw material quantities were determined from bridge plans. The cost
of the FRP pultruded members was based on current average industry prices of USD
9.50/1b (USD 20/kg) for pultruded profiles. The cost of the Southern Yellow Pine (SYP)
3 x 12 dimensional lumber (actual dimensions 11.25 (28.6 cm) by 2.5 in (6.4 cm)) timber
decking planks and galvanized steel hardware (nuts, bolts, washers) were obtained from
construction material distributors in the US. Steel unit costs were taken from published
industry data (ENR) [32] (see details in Supplementary Materials).

The wind blades were assumed to have a “credit” of USD 660/tonne (USD 3300 per
bridge) based on the actual weight of the two SGRE 49 blade segments used. Wind farm
owners pay between USD 400 and USD 1000 per tonne to have the decommissioned
blades removed [1-4]. They are considered to be recycled materials in the “cut-off” system
allocation method [33], and they are “removed burden-free from the producing activity,
and no impacts or benefits are allocated to them” [33].

For both the TEA and LCA, the data for the timber deck is broken out separately in
the Tables 5-8 for all four bridges. This has been carried out to see the contribution in
USD, CO2eq, and weight of the 3 x 12 dimensional lumber timber decking planks. It also
enables one to see the cost, emissions, and weight of the bridge superstructure and deck
sub-structure, separate from the decking (which is identical in all four bridges considered
in this study). The vast majority of recreational bridges in the US are constructed with
timber deck planks for both cost and constructability reasons, even though they require
more regular maintenance and periodic replacement (10 to 20 years) than other materials,
especially in wet climates. Other decking materials used for recreational bridges are
laminated or engineered wood panels, FRP panels or grating systems, plastic/composite
wood planks, steel panels or grating systems, aluminum panels, and prefabricated or cast-
in-place concrete panels. The use of any of these other decking systems will influence both
the cost, emissions, and weight of each of the four bridges, to an equivalent extent, and must
be evaluated separately. The results of this study only apply to the timber decking chosen.

4.2.2. Fabrication (Manufacturing Energy)

Differences in fabrication energy (assumed to be electricity only for a fabrication
shop) arose from the different processes involved in fabricating the bridges. The FRP
pultruded bridge requires cutting, drilling, and sealing holes in the pultruded members.
Welding is used to fabricate steel truss bridges. The glulam timber bridge required drilling
and finishing. The BladeBridge required cutting and drilling timber members for the
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deck supports and drilling holes in the blades. All bridges required overall assembly
using cranes.

For the LCA, the electric energy required for the cutting and drilling tasks, and welding
was found by estimating the duration of a machine task and multiplying it by the power
rating or fuel consumption rate of the equipment. The 100 yr GWP CO2eq of the electric
energy used was calculated by TECHTEST according to the Intergovernmental Panel on
Climate Change (IPCC) recommendations [6,30].

For the TEA, costs of electricity were calculated by TECHTEST based on the US
average electricity rates [6].

Table 5. Raw material inputs, amounts, specific embodied carbon and costs, and total embodied
carbon and costs for a single FRP truss bridge.

Specific Embodied Specific Cost Total Embodied

Material Inputs N?a I:::_;;rllt(lgf) Carbon (kg (USD/kg Carbon (kg To(talsg())st
& CO2eq/kg Material) Material) CO2eq)
FRP Channels, 1053 4.10 USD 20.94 4291 USD 22,061
Tubes, and Plates
Grade No. 2
Southern Pine 102 0.45 USD 1.92 46 USD 196
(Helical Piers)
Grade No. 2
Southern Pine 957 0.45 USD 1.92 431 USD 1835
(Decking)
Epoxy paint 68 6.70 USD 10.49 456 USD 714
and sealant
Steel Hardware
(Nuts, Bolts, 79 3.19 USD 32.41 253 USD 2572
Washers)
Total 5476 USD 27,378

Table 6. Raw material inputs, amounts, specific embodied carbon and costs, and total embodied
carbon and costs for a single steel truss bridge.

Specific Embodied Specific Cost  Total Embodied
. Amount of Total Cost
Material Inputs Material (ke) Carbon (kg (USD/kg Carbon (kg (USD)
& CO2eq/kg Material) Material) CO2eq)
ASTM A709 Grade 50 2061 1.78 USD 2.31 3669 USD 4771
Weathering Steel
Grade No. 2 Southern 119 0.45 USD 1.92 54 USD 228
Pine (Guardrail)
Grade No. 2 Southern 957 0.45 USD 1.92 431 USD 1835
Pine (Decking)
ASTM A992 Carbon
Steel Stick Welding 5 1.71 USD 11.46 9 USD 60
Electrodes (5/32 in)
Epoxy Paint 101 6.70 USD 10.49 675 USD 1057
and Sealant
Total 4837 USD 7952
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Table 7. Raw material inputs, amounts, specific embodied carbon and costs, and total embodied
carbon and costs for a single glulam stringer bridge.

Specific Embodied Specific Cost Total Embodied

Material Inputs N?a I;(;;Illtﬂgf ) Carbon (kg (USD/kg Carbon (kg T(ZEISCD(;St
& CO2eq/kg Material) Material) CO2eq)
Grade No. 2
Southern Pine
(Guardrail, Blocking, 1436 0.45 USD 1.92 646 USD 2754
End Support,
Running Planks,
Deck Fastening, etc.)
Grade No. 2
Southern Pine 957 0.45 USD 1.92 431 USD 1835
(Decking)
Glulam Beam 3637 0.65 USD 3.51 2364 USD 12,749
(24F-V3) ' : '
Epoxy Paint 91 6.70 USD 10.49 608 USD 952
and Sealant
Steel Hardware
(Nuts and Bolts) 114 3.19 USD 32.41 365 USD 3704
Total 4413 USD 21,995

Table 8. Raw material inputs, amounts, specific embodied carbon and costs, and total embodied
carbon and costs for a single BladeBridge.

Specific Embodied Specific Cost  Total Embodied

Material Inputs N?a I;L‘;;larllt(lzf) Carbon (kg (USD/kg Carbon (kg TO(EIS](::)(;St
8 CO2eq/kg Material) Material) CO2eq)
Cut Sections of EoS Wind —USD
Turbine Blades 4990 0.00 —USD 0.66 0.00 3300
Steel Hardware (Nails 23 3.19 USD 32.41 72 USD 735
and Bolts)
Steel Through Bolts 189 3.19 USD 7.95 602 USD 1500
Galvanized Steel
uardrail Cable an . .
(Guardrail Cable and 90 2.83 USD 1.54 255 USD 139
Joist Hangers)
Grade No. 2 Dense
Southern Pine
(Transverse Beams, 799 0.45 UsD 1.92 359 USD 1531
Guardrail Posts/Top
Rail)
Grade No. 2 Dense
Southern Pine (Decking) 957 0.45 USD 1.92 431 USD 1835
Glulam Beam (20F-1.5E) 502 0.65 USD 3.51 326 USD 1759
Epoxy Paint and Sealant 89 6.72 USD 10.49 598 USD 938
Plywood (2 4 x 8 sheets) 1.7 0.81 USD 30.86 1 USD 53
240z Woven Fiber Glass 6.4 1.56 USD 24.25 10 USD 154
(20 yds)
Total 2654 USD 5344
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4.2.3. Transportation

The raw materials need to be transported from the supplier and wind farm to a fabri-
cating facility.

For the LCA, for the BladeBridge, it is assumed the blades have been removed from
a turbine, cut to size, and are ready to be transported. A distance of 300 miles (483 km)
via flatbed truck from the wind farm to the fabrication shop is assumed. This distance
was chosen since the fabrication can be performed in any standard machine shop, and
parks and recreational areas are generally not very far from towns. For the steel bridge,
it was assumed that steel could be obtained locally, and the transportation distance was
50 miles (80 km). For the FRP bridge, local distributor availability was also assumed, and
a transportation distance of 100 miles (161 km) was used. For the glulam stringers, which
are harder to source at the size necessary, a 500-mile (805 km) transportation distance
was assumed.

For the TEA, a recurring operating cost of flatbed truck rental fees of approximately
USD 350 per bridge was added for all bridge types. The 100 yr GWP CO2eq of the diesel
fuel used for transportation was taken from TECHTEST [6,30].

4.2.4. Direct Labor

Labor rates were determined by a weighted average of salaries for different types
of workers (e.g., engineers/designers, carpenters, steel workers, heavy equipment tech-
nicians) coming from the US Bureau of Labor Statistics data included in TECHTEST [6].
Assumptions on the procedures, tools, and duration of fabrication activities were made in
good faith, combining the judgment of several industry participants and the expertise of
the authors. A 72% employee fringe benefits and general overhead rate was applied by
TECHTEST to all direct labor base costs [6]. The direct labor rates and full-time equivalent
(FTE) personnel needed for the four bridges are shown in Table 9. No CO2eq emissions
were associated with direct labor in the LCA.

Table 9. Labor rates and estimated full-time equivalent (FTE) personnel.

Estimated Number of Personnel Required

Personnel Saj?a‘;% 1;(;121;7;(}24 F,Ir{r z:sullgiril;ded Stf;l. c"ll"russ Glul;m. :tringer BladeBridge
(USDyear) ge ridge ridge

Welder USD 52,240 0 2 0 0
Crane/Lorklif USD 61,620 1 1 1 1
Carpenter USD 60,970 2 2 6 2
Metal /FRP Machinist USD 68,220 4 6 0 2
Project Manager USD 104,920 1 1 1 1
Design Engineer USD 101,160 1 1 1 1
CAD/Shop Drawing USD 65,000 1 1 1 1
LiDAR Tech USD 65,000 0 0 0 1

Average (Weighted) Salary USD 72,752 USD 69,174 USD 69,852 USD 66,593

4.3. Discussion of LCA and TEA Results

The CO, summary data shown above are of the same order of magnitude as the data
reported by Li et al. [22] for FRP and steel girder bridges (considering the different designs
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and span details). Similar cost and CO2eq advantages to using an FRP bridge system over
a steel system are also noted in [20,21].

It is important to note that the cost and CO2eq savings obtained for the BladeBridge are
not only a function of the credit received for the blades (USD 3300) and the zero embodied
energy from the blade raw materials but also the application. If the blades are considered
to be cost-neutral (i.e., no USD credit is attributed to them), then the cost of the BladeBridge
would be USD 3300 more than reported above (see Table 8), which would make the cost
of the BladeBridge equal to USD 30,817 + USD 3300 = USD 34,117, which is still less than
the conventional bridge systems. In addition, even in this case, there would be a beneficial
environmental impact since the blades are in their second life and incur no raw material
embodied carbon burden in the cut-off allocation system [31].

Since a wind blade has ample capacity to span a gap of 15 m (see Figure 1) or more, its
benefit increases as the span increases. The amount of raw material needed to span a gap is
proportional to the span raised to the second power (for strength limits) or fourth power
(for deflection limits). This means that the FRP pultruded truss, steel welded truss, and
glulam stringers will need to be larger and use more material for longer spans than 15 m.
For wind blades in the 50 to 70 m length range, a segment of the blade can be readily found
to span larger gaps than 15 m with no additional cost. This makes repurposed wind blades
excellent for long-span structures, such as bridges, roofs, and poles.

5. Additional Techno-Economic Metrics for BladeBridges

In this section, additional techno-economic metrics, beyond the production cost per-
formed in TECHTEST above, are presented for BladeBridges. These are the Technology
Readiness Level (TRL) [34] and future market potential.

Since BladeBridges have been built, tested, and have been in service for a number
of years, as described previously in Section 1, the Technology Readiness Level (TRL) for
BladeBridges can be valued at 8 or 9. It is important to note that TRL does not include
whether a product is commercially viable, only that it can be produced, built, tested, and
meet its functional requirements in multiple scenarios. Hence, from a technical point of
view, BladeBridges are proven technology.

The future market potential for BladeBridges was determined as a percentage of the
new or replaced recreational bridges constructed annually in the US. To do this, first, the
number of existing recreational bridges was estimated, and thereafter, the annual number
of new or replacement bridges was estimated.

5.1. Existing Recreational Trail Bridges in the US

In order to conduct this analysis, the total number of recreational hiking trail bridges
and golf course bridges was needed. However, unlike highway bridges, where the US
Federal Highway Administration maintains a database of all highway bridges [35], there is
unfortunately no national database for recreational bridges.

Significant personnel resources were devoted to finding the data for recreational
bridges with limited success. To overcome this lack of data, generative artificial intelligence
(ChatGPT v-5 [36]) was used to estimate the number of recreational trail bridges in the
US using two techniques. Thereafter, a similar estimate was made for golf course bridges.
Following this, an analysis was made to estimate the number of recreational bridges that are
constructed in a typical year in the US. An annual replacement/new construction estimate
of 1-2% of the entire inventory was assumed to obtain high, medium, and low estimates.

ChatGPT provided the sources of the data and the logic by which it estimated the
number of existing recreational bridges and the new recreational bridges constructed annu-
ally. The authors checked the source data (by visiting the source websites and reviewing
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the publications provided by ChatGPT listed in what follows) and evaluated the estimation
methodology, which was felt to be logical and reasonable. The prompts used to query Chat-
GPT are provided in [36]. The results of the ChatGPT analysis are shown in Tables 10-15
below (tables were generated by ChatGPT and modified slightly by the authors where
necessary for clarity).

Two methods were used by ChatGPT to obtain ranges on the number of recreational
trail bridges in the US:

1. A count of actual bridges and, where a count was not available, an estimate of the
number of miles (km) listed by different agencies and organizations that have hiking
trails (Table 10). The estimate was based on bridges per mile (km) based on the terrain
and calibrated from the terrain of the actual counted bridges;

2. An estimate based on the miles (km) of hiking trails collected by a USGS National
Database of hiking trails in the US [37] and based on terrain as described above
(Table 11)

Table 10. Breakdown of total existing recreational hiking trail bridges in the US—agency data (2024).

Agency/Land Type

Approx. Trail Reported or Estimated

Source/Notes

Length (km) Trail Bridges
. Official USFS data (includes
U.S. Forest Service (USFS) ~255,000 km ~7300 hiking, pack, and bike trails).
. Range from NPS and

Natlgnal Park ~29,000 km ~200 Partnership for the National

Service (NPS) ) .
Trails System estimates.
Bureau of Land Extrapolated from mileage and

Management (BLM) ~21,000 km ~500-1000 (est.) terrain type.

U.S. Fish & Wildlife Small systems, typically
Service/Army Corps lands 3200 km 100-300 (est.) low-density bridges.
Rails-Trails (Rails-to-Trails 41,700 km ~2500-4000 (est.) About one brldge every

Conservancy) 9-16 km on rail-trails.
Roughly one bridge every
State Parks and State ~64,400 km ~2000-8000 (est.) 8-32 km, depending

Trails Systems

on topography:.

Local/County/City Trails

Urban and suburban multiuse

~48,000-97,000 km paths, varying density.

~1500-10,000 (est.)

Private/Conservancy /NGO

Nature preserves and land

Trails ~16,000 km (est.) ~500-1000 (est.) trust trails,
~480,000 + km ~10,000-35,000 Combined from reported and
U.S. Total RN
(aggregate est.) trail bridges modeled sources.

Key sources used for data listed above by ChatGPT: 1. U.S. Forest Service: manages about 7300 trail bridges
(US Forest Service [38]). 2. National Park Service: reports about 200 trail bridges (National Park Service [39]).
3. Rails-to-Trails/rails—trails scale: there are ~2400 rails—trails, totaling ~41,700 km of rails—trails (many include
bridges) (Rails-to-Trails Conservancy [40]). 4. National Trails System/long and national trails: the National Trails
System itself totals tens of thousands of miles/km (the PCTA cites ~141,760 km across the system’s components),
showing how many miles/km of managed trail exist at the federal level (America’s National Trails System [41]).
5. State parks and state-managed trails: various sources put state parks and other state lands at ~64,000 km of
trails (older aggregated estimate) (American Hiking Society [42]).

The estimates were produced by ChatGPT using the following steps/methodology
(text by ChatGPT (edited)):

1.  Firm federal counts: USFS (~7300) + NPS (~200) — ~7500 known federal trail
bridges [38,39];
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2. Other federal agencies (BLM [43], Fish & Wildlife [44], USACE [45]) have trail bridges,
too, but no single public national count is available;

3. Trail miles under state/local/municipal control and non-federal trails are large but
not centrally tallied (state parks ~40,000 miles (~64,000 km); rails—trails: ~25,900 miles
(41,440 km); many local trail miles/kms not centrally recorded) [40-42];

4.  Estimate bridges on state/local/rail trails by converting trail miles/km into bridge
counts using a plausible bridge density range. Bridge density varies hugely by
terrain: rugged /wet areas have many bridges; flat urban trails have few. Reasonable
densities used for a national estimate: one bridge per 5 miles (8 km) (higher density)
to one bridge per 20 miles (32 km) (lower density) across non-federal trail miles. Then,
combine the known federal total (~7500) with the estimated non-federal bridge range
to produce a national range;

5. Since there is no single national database counting every trail bridge across municipal
parks, county parks, state parks, private land trusts, and unrecorded community trails,
the uncertainty is high. Agencies count bridges they manage (USFS, NPS), but state
and local counts are fragmented and trail miles/kms overlap between datasets, which
makes double-counting a risk.

Using the total length of trails provided in the USGS database gives the following
estimates (Table 11).

Table 11. Breakdown of total existing recreational hiking trail bridges in the US—USGS National
Trail Database (NTDB), method 2 (2024).

Scenario

Trail Miles (NTAD) Bridge Density Assumption Estimated Trail Bridges

Low density
Medium density
High density
Planning range

~704,000 km 1 bridge per 32 km ~22,000
~704,000 km 1 bridge per 16 km ~44,000
~704,000 km 1 bridge per 8 km ~88,000

~25,000-60,000

Table 12. Estimated number of golf course bridges in the US based on terrain (2024).

% of Total Typical Bridge Need
Course Type Courses (15,500) per Course Examples
Coastal/River/Lake Courses ~25% 4-8 bridges Pebble Beach, Kiawah, etc.
Parkland /Suburban Courses ~60% 2-5 bridges Most U.S. courses
Desert/Flat Courses ~15% 0-2 bridges Scottsdale, Las Vegas, etc.
Weighted Average 3-5 bridges
Key data source: National Golf Association [46]. Includes golf cart bridges, footbridges, and maintenance vehicle
crossings. Excludes road bridges or culverts that are not part of the course layout. Premium resort and coastal
courses may have 8-12 bridges each, while dry inland courses have none [46].
Table 13. Total existing recreational trail and golf course bridges in the US (2024).
Estimated or
Primary Land Approx. Total . . .
Category Types/Managers Distance/Courses Reported Bridge Bridge Density/Notes
Count
U.S. Forest Service, N .
. NPS,BLM, stateand ~ ~480,000 + km of 1 0000-35,000 1 bridge every 13-40 km,
Trail Bridges : . bridges (midpoint depending on terrain (includes
local trails, trails . . .
. . ~ 20,000) footbridges and trail crossings).
rails—trails
Golf Course 1.5’500 public and %.50’000_@’00.0 ~3—4 bridges per course (cart,
Bridges private golf courses 15,500 courses bridges (midpoint foot, or creek crossings)
across U.S. ~ 55,000) ’ ’
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Table 13. Cont.
Estimated or
Primary Land Approx. Total . . .
Category Types/Managers Distance/Courses Reported Bridge Bridge Density/Notes
Count
Combined ~60,000-95,000 Covers boltfh recreathnal trail
Total (U.S.) o o small bridges and golf course bridges
- (excludes vehicle road bridges).
Table 14. New recreational trail and golf course bridges constructed annually in the US (2024).
Category Low Estimate/yr  Likely Range/yr  High Estimate/yr = Confidence (Low to High)
Trail bridges (all
managers: federal, state, 200 200-600 1000 Medium (data fragmented)
local, NGO)
Golf course bridges :
(new courses + 50 150400 600 Medium (depends on

renovations + additions)

renovation activity)

Medium-Low (high

Combined ~250 ~350-1000 ~1600 .
uncertainty)
Table 15. Estimated average length of recreation trail bridges in the US (ChatGPT).
Bridge Type Typical Span (m) Share of Total Weighted Contribution
Small pedestrian culvert/footbridge 4-8m ~50% 6m x 05=3.0m
Moderate timber/steel pedestrian bridge 8-20m ~40% 14m x 0.4=56m
Long-span suspension or truss trail bridge 20-60 m ~10% 40m x01=40m
Weighted average 13m

Golf course bridges were then estimated using ChatGPT. The estimate is shown
in Table 12.

The estimates of the recreational hiking trail bridges and the golf course bridges were
combined to give a total estimate of all the recreational bridges in the US in Table 13. The
lower of the two ranges (10,000-35,000) listed in Tables 10 and 11 was selected for the
hiking trail bridges.

5.2. New Recreational Bridges Constructed Annually in the USA

To assess the future market potential for BladeBridges, an estimate of the number of new
recreational trail and golf course bridges constructed annually was obtained from ChatGPT.

The estimates were produced by ChatGPT using the following steps/methodology
(text by ChatGPT (edited)):

Since there is no firm number, estimates were made using the following assumptions:

1. Assume there are ~10,000-20,000 trail bridges already nationwide (midpoint ~20,000).
Assume the replacement or new-construction rate is 1-2% per year (for expansion,
trail development, etc.). Then, new trail bridges per year might be in the order of
200-400;

2. For golf course bridges: if there are ~50,000-60,000 bridges on U.S. courses (estimate),
and if courses add new bridges primarily with new course construction or remodels
at 1-2% of courses each year, plus occasional bridge additions on existing courses,
that might suggest 500-1200 new golf course bridges per year;
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3.  Combined, one can estimate ~700-1600 new bridges/year in both categories together,
given current trends.

5.3. Length of Recreational Trail Bridges in the US

The estimated average length of recreational trail bridges in the US was then estimated
using ChatGPT to determine if bridge lengths under 15 m were common. The results are
shown in Table 15.

5.4. Potential Number of New BladeBridges per Year

If the number of new recreational bridges in the US is 1000 per year (top of the “likely”
range in Table 14 above), and if one BladeBridge per week can be fabricated in a small
fabrication shop as assumed previously, then this suggests that 5% (or 50) of all new bridges
could be BladeBridges.

5.5. Techno-Economic Case for BladeBridges

Based on the fabrication cost (Table 1) of USD 30,817 each (for the bridge analyzed
in this study) and assuming a profit margin of 50%, this gives a FOB (Freight on Board or
Free on Board) cost of USD 46,255 and an annual turnover of over USD 2.3 million. For
100 bridges per year, this is a USD 4.6 million turnover. This makes a good economic case
for a business selling BladeBridges. It is noted that the fabrication cost of USD 30,817 is
based on the “standard” 50 ft (15.24 m) long by 6 ft (1.83 m) wide deck BladeBridge that
was designed for a 90 psf (4.3 kN/m?) live load. Given that the estimated average length of
a recreational trail bridges 8-20 m long in the US is 13 m (Table 15 above), the use of this
“standard” BladeBridge to determine costs and emissions is reasonable.

At the present time, the biggest obstacle to successful commercialization is the market
demand for BladeBridges. Blade supply does not appear to be as big a problem as in
previous years, as more wind energy companies and blade OEMs are recognizing the
need for a variety of end-of-life solutions in a circular economy [1,3]. The two-girder
BladeBridge discussed in this paper is easier to design and construct than a single-girder
bridge (shown in Figure 1) [18], and it is felt to be more economically competitive. The
Re-Wind Draperstown BladeBridge was constructed by a crew of four people in just three
days using a simple sub-structure for the deck [19].

6. Conclusions

1. Using the TECHTEST software from the US Department of Energy (DOE) with only
the cradle-to-gate (A1-A3) production life cycle considered, a recreational trail bridge
constructed using wind turbine blades (BladeBridge) has been shown to be both less
expensive and have less environmental impact (measured in CO2eq) than three com-
mon existing recreational trail bridge types;

2. The FRP pultruded truss bridge is 48% more expensive to produce and releases
41% more CO2eq than a BladeBridge, the steel truss bridge is 36% more expensive to
produce and releases 34% more CO2eq than a BladeBridge, and a glulam timber bridge
42% more expensive to produce and releases 38% more CO2eq than a BladeBridge.
This is based on the assumption of a cut-off allocation method where no embodied
carbon is counted for the wind blade in its second life and there is an economic
credit of USD 660/tonne for the blades from the decommissioning contractor or wind
farm owner;

3. In order to compare the four different bridges in TECHTEST, the actual design,
fabrication, and assembly details of the four bridge types were used. The authors
made every effort to include all pertinent raw materials, manufacturing processes,
transportation energy, and fabrication activities in performing the analysis. Material
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quantities were extracted from structural plans of actual bridges designed according
to accepted codes and standards. Industry experts were consulted during the data
collection phase. Without these details, an accurate comparison cannot be made;

4.  Direct comparison of the cost and environmental impacts of new technologies with
existing technologies must be conducted to validate claims of superior performance
by new technologies, especially those using FRP composite materials or repurposed
materials. TECHTEST is an accessible and verifiable tool to make these comparisons.

Supplementary Materials: The TECHTEST data sheets can be downloaded at https:/ /doi.org/10
.5281/zenodo.17652789 (accessed on 20 January 2026) and Figures S1-S3 can be downloaded at
https://doi.org/10.5281/zenodo.18419382 (accessed on 20 January 2026).
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