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Cooperative Research and Development Final Report

Report Date: September 19, 2025

In accordance with requirements set forth in the terms of the CRADA agreement, this document
is the CRADA final report, including a list of subject inventions, to be forwarded to the DOE
Office of Scientific and Technical Information as part of the commitment to the public to
demonstrate results of federally funded research.

Parties to the Agreement: Solar Dynamics LLC

CRADA Number: CRD-24-30483

CRADA Title: Quantify the Emissions Reductions - VELOCITI Solar Dynamics Voucher

Technical Contacts at NLR:

Yimin Zhang | yimin.zhang@nlr.gov

Isaias Marroquin| isaias.marroquin@nlr.gov

Name and Email of POC at Company:

Hank Price | hank.price@solardynllc.com

Sponsoring DOE Program Office(s):

Office of Energy Efficiency and Renewable Energy (EERE), Solar Energy Technologies Office

Joint Work Statement Funding Table showing DOE commitment:

NLR Shared Resources

Estimated Costs a/k/a Government In-Kind

Year 1 $150,000.00

TOTALS $150,000.00

Executive Summary of CRADA Work:

Contractor will quantify the net life cycle emission benefits resulting from manufacturing
fertilizers via the diversion of biosolids from their current disposal practice relative to synthetic
fertilizers.
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CRADA benefit to DOE. Participant, and US Taxpaver:

e Assists laboratory in achieving programmatic scope
e Uses the laboratory’s core competencies

Summary of Research Results:

The development of a novel and automated python code-based framework to estimate the net
lifecycle supply chain impacts reductions from biosolids-based fertilizer production relative to
conventional Haber-Bosch ammonia production in the US. Results highlight the cumulative 30-
year impacts reductions across all metrics due to nitrogen fertilizer production from dry biosolids
via direct concentrated solar thermal energy from 2020 to 2050 for a supply of 177,000
kilograms of nitrogen per year.

Task 1: Data Collection

Comparative lifecycle assessment (LCA) was performed to quantify the net lifecycle supply
chain impacts reductions from manufacturing biosolids-based nitrogen fertilizer relative to
ammonia from the conventional Haber-Bosch process. Participant-specific data was collected for
the following lifecycle stages of the biosolids pathway: 1) processing and refinement, 2)
manufacturing and assembly, 3) operation, 4) maintenance, 5) end-of-life, and 6) transportation.
Data from the Participant included measurements and/or estimates on biosolids quantity and
properties (e.g., moisture content, nutrients), thermal energy requirements for drying biosolids,
materials used for constructing the solar drying technology, loading technology type, and
transportation modes and distances. Data from literature and publicly available databases was
used to represent the raw material extraction lifecycle stage, and upstream processes demanded
by the biosolids-based fertilizer pathway.

Available literature and data formed the backbone of all relevant unit processes that would occur
during the lifetime (i.e., cradle-to-grave) of the conventional (Haber-Bosch process) and
proposed (Biosolids-based) systems of nitrogen fertilizer production. Figure 1 illustrates the
background and foreground lifecycle system boundaries of the LCA, and it visualizes the generic
structure of the lifecycle stages by unit processes and associated inputs and outputs, which form
the lifecycle inventory (LCI) databases of the conventional and proposed product systems. The
LClIs define the lifecycle supply chain of each product system that were scoped by both the
Participant and Contractor. The unit processes contained in the LCIs allow for the quantification
of comparative impacts across the lifecycle supply chains of each product system. Unit process
information and associated flow quantities for the lifecycle supply chain of each product system
was collected from the Ecoinvent v3.9 database (Wernet et al. 2016). The data from the
Participant formed the foreground of the proposed system, and the Ecoinvent data formed the
background. In the case of the conventional system, Ecoinvent data was used to represent both
the foreground and background of the conventional system. After collecting all the relevant data,
the LCI analysis was reviewed between the Participant and Contractor to ensure all necessary
data were to be included in the LCA.
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Figure 1. Background and foreground systems separated by stages (left) and unit processes
(right) in the lifecycle supply chain of the product system.

Lifecycle supply chain impacts are quantified by summing the gaseous, effluent, and solid
wasteful outputs of all unit processes contained in the LCIs of each product systems’ lifecycle
supply chain that occur over the 30-year system lifetime The calculations were executed using
the Lifecycle Assessment Integrating Science and Operations (LiAISON) tool (Ghosh et al.
2024). The LiAISON tool outputted the lifecycle supply chain impact factors from 2020 to 2050
according to nine metrics of the Recipe for Life Cycle Impact Assessment (ReCiPe) method
(Huijbregts et al. 2017) for the Ecoinvent activities (LCIs) chosen to represent the lifecycle
supply chain of the proposed and conventional product systems. The activities are listed in Table
1, and the application of impact factors described in Task 2. The Contractor met with the
Participant to review the lifecycle inventory calculations and resulting lifecycle impact factors.
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Table 1. Ecoinvent custom activity names for the lifecycle inventories chosen to represent the
lifecycle supply chain of the proposed (left) and conventional (right) product systems.

Proposed (Biosolids-based) fertilizer product Conventional (Haber-Bosch) fertilizer
system product system
wet and dry biosolids loading energy: ammonia production lifecycle:
» diesel production, petroleum refinery » market for inorganic nitrogen fertiliser,
operation (RoW) as N (US)

wet and dry biosolids transport, and end-of-life solar
glass transport:

» transport, freight, lorry, diesel, 40t gross
weight, EURO-VI, long haul (USA)

solar stainless steel manufacturing and recycling:

» steel production, electric, chromium steel
18/8 (USA)

solar carbon steel manufacturing and recycling:

» steel production, converter, unalloyed
(USA)

solar glass manufacturing:
* solar glass production, low-iron (RoW)
solar glass recycling:

» solar glass manufacturing from cullet (RoW)

Task 2: Perform Comparative Life Cycle Assessment

A comparative lifecycle assessment was performed by utilizing the lifecycle impact factors to
quantify the annual and cumulative (2020-2025) net lifecycle supply chain impacts reductions
across nine metrics based on the ReCiPe method due to the displacement of synthetic fertilizer
production with biosolids based fertilizer production. As supported by Figure 1, the lifecycle
system boundary is cradle-to-grave; encompassing the production and acquisitions of feedstock
sources for fertilizer production, the manufacturing of fertilizer, and the transport of the fertilizer
product. While the use and disposal of fertilizer is excluded from the system boundary; the
manufacturing, use, maintenance, and end-of-life stages of fertilizer production infrastructure is
included in the system boundary. The functional unit is defined as 177,000 kilograms of plant-
available nitrogen delivered to the agricultural field of application per year and it is considered
for a 30-year LCA system lifetime.
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The lifecycle supply chain impact factors of the conventional product system were scaled
directly by the functional unit while those of the proposed product system were scaled according
to the energy, material, and transport quantities demanded by the proposed system with respect
to the functional unit. The quantities were estimated by parametrizing the foreground system of
the biosolids based fertilizer lifecycle supply chain into a system of variables and equations. The
parametrization enables the LCA framework to be easily modified by the Participant if input
quantities of independent variables associated with the project change in the future. Although
preliminary LCA results were reviewed with the Participant through a PowerPoint presentation
to ensure the LCA inputs and outputs aligned with the processes and could be easily modified for
future use if processes changed, the finalized results are presented in Figure 2. Figure 2
illustrates the cumulative lifecycle supply chain impacts for the proposed and conventional
product systems across nine metrics from 2020 to 2050, where the cumulative 30-year net
lifecycle supply chain impacts reductions by the proposed system relative to the conventional
system are listed in Table 2.

1e7 Global Warming Potential (Gwp1000) les F Ecotoxicity {Fetp) 1e6 Human Toxicity Potential {Htpc)
104 1.75 4
_ 4 ] =
z £ 175 4 50
R
3 3 150 a
X < < 1.25
23204 5 1.25 1 >
2 z < 1.00 1
L= 4
15 s £
£ F 2 0.75
& £ 0751 i
2101 o '9 0,50
H 5 0.50 E
3 o )
E 051 E 0.25 _é 0.25
o =1 =
0.0 “ 0.00 4 Y o.00
2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050
Year Year Year
Marine Eutrophication Potential (Mep) Terrestrial Acidification Potential (Tap) Particulate Matter Formation Potential (Pmfp)
25000
— 2500 S 80000 =
g o el
= g 2 20000 1
2 2000 =
%‘; 2 50000 =y
2 ° =
2 1500 5 5 150001
@ @ 2
E £ 40000 E
> : 510000
2 1000 4 o v
£ E 2
2 5
Z s H 20000 2 5000
(v} 3 I
0 0 04
2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050
Year Year Year
Surplus Ore Potential (Sop) Water Consumption Potential (Wcp) Agricultural Land Occupation (Lop)
700000 .
= 600000 1 T g 600000 -
u El 600000 2
3 500000 < § 500000 1
2 B 500000 £
b 2 £ 400000
« ] = =
£ 400000 2 400000 -
i b s 300000
E 300000 E ] v.
£ £ 300000 £
v w o
-’E—E‘ 200000 o £ 900000 ] 200000
F] = =
E 3 s
5 100000 £ 100000 Z 1oo000
v a 3
0 0 0
2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050 2020 2025 2030 2035 2040 2045 2050
Year Year Year
Proposed Digested-Sludge-Solar  —— Conventional SMR-Methane-Haber-Bosch

Figure 2. Cumulative lifecycle supply chain impacts per year due to 177,000 kg N available for
agricultural field application from the proposed biosolids-based production pathway and
conventional Haber-Bosch process across nine metrics.
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Table 2. Cumulative 30-year lifecycle supply chain impacts reductions due to 177,000 kg N
available for agricultural field application from the proposed biosolids-based production pathway
relative to the conventional Haber-Bosh process across nine metrics.

Impact metric 30-year lifecycle impacts reduction
Global Warming Potential (Gwp1000) 79%
Freshwater Ecotoxicity Potential (Fetp) 86%
Human Toxicity Potential (Htpc) 25%
Marine Eutrophication Potential (Mep) 93%
Terrestrial Acidification Potential (Tap) 85%
Particulate Matter Formation Potential (Pmfp) 66%
Surplus Ore Potential (Sop) 52%
Water Consumption Potential (Wcp) 98%
Occupation (Lop) 41%

The reviewing of preliminary results with the Participant and feedback received by the
Contractor served as the basis of information to refine the LCA framework and finalize
associated results. Discussions regarding the calculation methods of input quantities for
independent variables, the implementation of independent variables in the parametrization of the
proposed product system, and the modeled processes in the lifecycle supply chain of each
product system enabled the LCA framework to be consistent with ISO 14044 Standards. The
interpretation of quantitative outputs from the Framework by lifecycle stages and lifecycle
processes provided critical insight to establish the final net lifecycle supply chain impacts
reductions induced by the biosolids based fertilizer production pathway relative to the
conventional Haber-Bosch process. As shown in Figure 2 and Table 2, the finalized lifecycle
supply chain impacts are compared to the conventional Haber-Bosch synthetic fertilizer
production pathway for an annual supply of 177,000 kilograms of nitrogen from 2020 to 2050.
Results indicate lifecycle supply chain impacts reductions across all metrics from 25% (human
toxicity potential) to 98% (water consumption potential) and average 69% (all metrics) across
the 30-year system lifetime.

Task 3: Additional Tasks

As part of the works executed under Task 2, and at the direction of the Participant consistent
with the scope and financials of the project, a publicly available open-source Python codebase
(included as part of the associated NLR technical report) was developed to allow for use and
reproducibility of the dynamic lifecycle supply chain impact assessment framework executed as
part of this research agreement. The novel codebase parametrizes the lifecycle foreground
quantities of material and energy flows required by the supply chain of the biosolids based
fertilizer production pathway. It then takes as input the dynamic lifecycle impact factors of
LiAISON for relevant Ecoinvent activities of the proposed and conventional product systems and
quantifies prospective lifecycle supply chain impacts from 2020 to 2050. While the main
analysis of LCA results fell under Task 2, the codebase is taken further under Task 3 to quantify
the relative influence of modeled independent input parameters to LCA results for the lifecycle
supply chain of the proposed product system.
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Across all nine metrics of the ReCiPe method, the lifecycle supply chain impacts per kilogram of
nitrogen supplied by the biosolids based fertilizer production pathway are most sensitive, and
equally sensitive in magnitude and direction, to the input quantity of initial nitrogen content,
nitrogen retention fraction, and plant available nitrogen fraction. Figure 3 visualizes the change
in total 30-year lifecycle supply chain impacts when the baseline input quantity of each
independent variable captured in the parametrized supply chain of the proposed product system
is individually increased and decreased by 50%, respectively. The baseline input quantities for
independent variables of the biosolids-based fertilizer production pathway are derived from the
Participant-provided data acquired under Task 1, and the names of variables are shown on the y-
axis of subplots in Figure 3. Across all nine metrics, lifecycle supply chain impacts per kilogram
of nitrogen supplied are least sensitive, from greatest to least, to the input quantity of glass
recycling ratio, transport nitrogen loss fraction, and glass transport distance.
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Figure 3. Cumulative 30-year lifecycle supply chain impacts per kg N available for agricultural field
application from the proposed biosolids-based fertilizer production pathway across nine metrics
considering default input variable quantities (red), a 50% increase in default input variable
quantity (dark blue), and a 50% decrease in default input variable quantity (light blue).
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Task 4: CRADA Final Report

This report serves to meet the requirement for the CRADA Final Report with preparation and
submission in accordance with the agreement’s Article X.
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