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Abstract

Given the increasing prevalence of using Environmental Product Declarations (EPDs) for
product comparisons and selection, both domestically and globally, there is a need to ensure
the results reported in EPDs are useful for such comparisons (i.e., transparent and standardized
to ensure quality decision making). One challenge that was identified more than a decade ago
was the lack of common data sources, which could undermine the comparability of EPDs and
similar claims. Federal agencies have targeted this issue through the development of public
secondary datasets and gap assessments of currently available public life cycle inventory (LCl)
datasets.

This study complements public data gap assessments completed by the Environmental
Protection Agency (EPA) and Department of Energy (DOE) by providing a framework for a more
in-depth approach to identify and quantify the impacts from public data gaps that can be
implemented across any product category to assist in prioritizing data gaps to address. The
scope of this study is to (1) develop a robust framework to identify public life cycle assessment
(LCA) data gaps, (2) identify and quantify the impact of each data gap across each product
category, and (3) provide qualitative rankings of data gaps within and across the product
categories considered. Additionally, there is a brief comparison across data gap assessments
from this study to those of EPA and DOE.

Keywords

Building materials; energy; greenhouse gases; life cycle assessment; representative inventory;
resources; sustainability
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Preface

Given the increasing prevalence of using EPDs for product comparisons and selection, both
domestically and globally, there is a need to ensure the results reported in EPDs are useful for
such comparisons. One challenge for these comparisons is the lack of common public data
sources for use in developing the LCA models used for estimating the results reported in EPDs.
This study provides a framework to identify and quantify the impacts from public data gaps that
can be implemented across any product category to assist in prioritizing data gaps to address,
and applies this approach to several building material product categories to identify, quantify,
and qualitatively rank public data gaps.
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1. Introduction and Scope

There has been steadily growing interest from consumers, industry, local and state jurisdictions
in the US, and nation states globally for improved reporting of the environmental and human
health impacts associated product purchases, particularly for construction-related materials [1-
5]. A common approach to quantify these impacts is life cycle assessment (LCA), which provides
a scientific methodology for calculating embodied emissions (carbon amongst others) of a
product or service over its entire life cycle in accordance with the International Standards
Organization (ISO) 14040 and ISO 14044 standards [6, 7]. While LCA is the quantification tool,
environmental statements are the communication mechanism for providing decision-makers
with information about a product's environmental impacts. ISO has established fundamental
principles and requirements for various types of environmental statements in ISO 14020 [8],
including Environmental Product Declarations (EPDs), whose requirement are further
developed in ISO 14025 [9].

An EPD is a standardized third-party verified document that provides LCA-based information as
well as additional information on the environmental aspects of products [9]. EPD programs are
often built for specific product categories, groups of products capable of fulfilling equivalent
functions that might require EPDs to be consistent with a distinct Product Category Rule (PCR)
in addition to the aforementioned ISO standards. However, PCRs are not universal, and more
than one PCR might exist for a given product category. For Portland cement, for example, there
is at least a PCR for North America [10] and a global one, albeit aligned with European
standards [11]. Efforts to harmonize the development and use of PCRs include ISO 14027 on
development of PCRs and I1SO 14029 on mutual recognition of EPDs and footprint
communication programs [12, 13] as well as the PCR Open Standard from the American Center
for Life Cycle Assessment (ACLCA) [14].

Using EPDs for documenting environmental and human health impacts of products has been
common (and growing) since introduced into Green Building Rating Systems (GBRS), such as
Leadership in Energy and Environmental Design (LEED) and Green Globes [2]. Additionally, EPDs
are being used as the basis for product selection by building construction companies and
building owners as well as a range of US jurisdictions and states [3, 4, 15-19]. Specifically, these
programs require third-party verified EPDs compliant with ISO 14025 and I1SO 21930 [20]
standards for life-cycle stages A1-A3, known as “cradle-to-gate” because it includes impacts
from raw material extraction through the product manufacturing, but excludes any impact after
the product leaves the manufacturing site or “gate.” Along with domestic demand for products
with EPDs, global demand is also growing as EPDs are increasingly being required in US export
markets, particularly the European Union [21, 22].

Given the increasing prevalence of using EPDs for product comparisons and selection, both
domestically and globally, there is a need to ensure the results reported in EPDs are useful for
such comparisons. One challenge that was identified more than a decade ago was the lack of
common data sources, which could undermine the comparability of EPDs and similar claims
[23]. Some PCRs (e..g, concrete [24]), prescribe the use of secondary data sources to facilitate
standardization and comparability of the EPDs . However, secondary data sources are still
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lacking, and those available are often commercial products and not necessarily representative
of US industrial practices.

Federal agencies have formalized collaboration to improve LCA secondary data through an
interagency initiative, the Federal LCA Commons (FLCAC) [25]. Activities of the FLCAC include
providing support to enhance standardization, measurement, reporting, and verification of LCA
modeling. These activities will assist industry in improving the transparency, trustworthiness,
and comparability of results reported in EPDs, improving their competitiveness in domestic and
global marketplace. Some agencies have already undertaken activities to identify secondary
LCA data needs for EPD development with specific focus on embodied carbon of construction
materials. The Environmental Protection Agency (EPA) has provided several resources for
improving the state of PCRs and EPDs developed by industry [26—29]], including Life Cycle
Inventory Data Gap Assessment that focused on identifying “life cycle inventory (LCl) data gaps
in free-to-use and publicly accessible secondary LCl datasets, as relevant to the supply chains of
the products and materials identified in the US Environmental Protection Agency’s Interim
Determination.” The report was developed by reviewing existing PCRs and communicating with
PCR Committee members for a variety of high priority construction materials to collect insights
from industry and experts in the LCA field. The collected information was synthesized into a list
of recommendations for prioritizing datasets to develop and fill public LCA data gaps. The study
assessed the currently available public data sources, including the Federal LCA Commons mega-
repository and the US Life Cycle Inventory (USLCI) database. Additionally, the Department of
Energy (DOE) National Renewable Energy Laboratory (NREL) has completed a structural path
analysis (SPA) to identify hotpots for seven product categories [30]:

e Cement manufacturing

e Ready-mix concrete manufacturing

e Glass and glass product manufacturing

e Asphalt paving mixture and block manufacturing

e Asphalt shingle and coating materials manufacturing
e Iron and steel mills and ferroalloy manufacturing

e Steel product manufacturing from purchased steel

The analysis used the US Environmentally Extended Input-Output (USEEIO) database [31] to
identify data gaps in construction related industries as a whole. It also included a comparison
to identify consistencies and variations between the EPA data gap assessment and underlying
methodology.

This study is designed to complement these public data gap assessments completed by the EPA
and NREL by providing a framework for a more in-depth approach to identify and quantify the
impacts from public data gaps that can be implemented across any product category to assist in
prioritizing data gaps to address.

Thus, the scope of this study is to:

(1) Develop a robust framework to identify and quantify public LCA data gaps
(2) Identify and quantify the impact of each data gap across each product category
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(3) Provide qualitative rankings of data gaps within and across the product categories
considered

The framework is applied to a variety of building materials that align with multiple NIST
research programs:

e Net Zero Energy High Performance Buildings Program (all building materials)
e Carbon Capture and Accounting Program (concrete)

e Circular Economy Program (building materials using polymers)

Additionally, products were selected to provide variability in the level of prescriptiveness for LCI
data source selection and reporting within a PCR as well as format variability in published EPDs
for a given product category. This variability allows for both validating the framework
developed in this study for robustness while providing variability in published EPD information
for a complementary study being completed in parallel — NIST TN XXXX. NIST TN XXXX evaluates
LCA data source selections in existing EPDs and provides the life cycle inventory (LCI) for a
product considered in this study without a publicly available inventory necessary for LCA
modeling (i.e., gypsum board). For this study, the framework was applied to specific building
materials, most of which have similar raw material inputs and manufacturing processes.
However, the framework is applicable to other building materials as well as building systems,
which will be discussed further in Section 5.
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2. Methodology for a Product Category

This study develops a methodology to identify and quantify data gaps in public LCI databases
and applies this methodology to the FLCAC, also referred to as the “public database” moving
forward. Although the focus is the FLCAC, the methodology can be applied without substantial
changes to any other database, public or commercial. This methodology is applied to individual
products, which could be seen as an example for the applicable product categories. Product
category rules (PCRs) have been developed for most the product categories considered in this
study. The existence of a PCR suggests a maturity of the sector when it comes to life cycle
assessments (LCAs) and/or EPDs. Therefore, it is expected that filling data gaps identified for a
category with a PCR will be more immediately impactful to LCA practitioners than if the target
of the data gap analysis is a single product without a defined product category or for a product
category but no PCR.

For the purposes of this methodology, a data gap is defined as aa process (unit or system) that
either produces or treats an environmentally relevant flow present in the inventory under
assessment through a production/treatment that is considered equivalent to that described in
the inventory (i.e., fit for purpose). For example, if the inventory indicates the use “Ammonia”,
no data gaps are identified, because there is an “Ammonia, steam reforming, liquid, at plant”
process in USLCI. However, if the same inventory were to indicate the use of “Ammonia, from
partial oxidation”, then a data gap would be identified, as there are currently no processes for
production of ammonia through partial oxidation of USLCI. No qualitative aspects, such as
vintage or range of geographical or technological applicability, are evaluated.

As shown in Fig. 1, the methodology consists of four steps: 1) Inventory identification, 2)
Dataset selection for the representative inventory, 3) Round robin modeling and gap
identification, and 4) Model running and gap quantification. Each step is discussed in detail in
the remainder of this section.
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Fig. 1. LCA Modeling Methodology Flow Diagram.

For this methodology, an LCA model consists of two components as illustrated in Figure 2: an
inventory and a dataset(s). An inventory compiles and quantifies environmentally relevant
flows: products, materials (including waste and emissions), or energy as defined in ISO 14040
[6]. For example, a simple inventory might consist of a single environmentally relevant input
energy flow, electricity, of which 5 kWh are required, and a single output product flow, widgets,
of which 1 unit is generated. For non-elementary flows (products and wastes), the other half of
the model are the datasets. Datasets contain environmentally relevant information of the
process producing or treating the related flow. Datasets are commonly referred to as
“processes” or “process models” in LCA literature. For the purposes of this methodology, a
dataset is a process taken from a specific database even though, strictly speaking, a dataset can
exist on its own and not be part of a database. For the example above, the electricity use of the
widget production process could be modeled using the process “Electricity; at user;
consumption mix - US — US” included in the database USLCI, V.1.2024-06.0. The importance of
this distinction will become apparent in Step 3, when inventories and datasets from different
sources are combined to create round robin LCA models.
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Figure 2 Distinction between life cycle inventory, dataset, and life cycle model in this methodology.

2.1. Inventory identification

The first step in the data gap assessment is the identification of available inventories. Three
kinds of inventories may be identified: public, commercial, and representative. The public
inventory is an inventory in the FLCAC. Because the main repository in FLCAC is USLCI, herein
the terms public inventory, FLCAC inventory, and USLCI inventory are used interchangeably
unless the distinction is explicitly mentioned. In addition, since USLCI V.1.2024-06.0 was used
through all the different data gap analysis presented in this document, when USLCl is
mentioned, it refers to version 1.2024-06.0 unless explicitly indicated. As mentioned above, if
USLCl includes a dataset that generates or treats an environmentally relevant flow in the way
described in the inventory, there is no data gap related to that flow. However, the existing
dataset might still be used for data gap identification and quantification, as highlighted in the
case study of Portland cement in Section 3.1. If a data gap analysis following this methodology
is conducted for a database other that FLCAC, the “public” inventory becomes an inventory in
the target database for assessment.

A commercial inventory is an inventory taken from a commercial database. For reasons of
availability, the database ecoinvent [32] is used for this study. However, any other commercial
database could be used (Managed LCA, Datasmart, etc.). Strictly speaking, the database does
not have to be a commercial product, although because ecoinvent is a commercial database,
that is the term used throughout the report. The key is that this alternative inventory must
come from a database different than the target database to be used as an alternative
reference. Thanks to their large number of datasets, however, commercial databases facilitate
the identification of alternative inventories, becoming a “one-stop-shop” for both inventory
identification and round robin modeling. For this study, ecoinvent 3.10 [33] was used and,
when “ecoinvent” is mentioned it refers to version 3.10 unless otherwise specified.

The representative inventory is one coming from a source other than the public or the
commercial database. Ideally, this inventory comes from an industry report, which may be
linked to an industry average EPD. In the context of data gap assessment for FLCAC, these
reports should be focused on US or North America (US / NA) markets. Regardless of location,
these inventories are “representative” because they reflect an average of the existing industry,
not a specific manufacturing plant or facility. For data gap identification, this is ideal because it
might include flows that are present by a small fraction of the plants that might be missed if
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modeling a specific plant. For quantification of the impact of the data gap, however, these
industry averages are less valuable because rarely reported flows may account for a large
impact for one or more specific plants while the industry average value would appear small
across the entire industry, leading to a low prioritization for the industry as a whole even
though the flow is of significance for those plants that actually use or generate the flow. If no
industry report reflects US/NA conditions, global reports, or reports from other geographies
might be used. With the understanding that industrial processes vary across the globe, these
inventories might still highlight some of the gaps present in FLCAC. However, these non-US/NA
inventories may be less valuable for the development of models that could effectively close the
FLCAC data gaps. Finally, if there are no reports of this kind, scientific literature might be used.
However, it must be stressed that due to the limitation of geographical representativeness, it
most likely provides a limited technological representativeness, as inventories in the scientific
literature often evaluate specific technologies, and it is not uncommon for them to evaluate
technologies that are not market available yet. For one such example, see the case study for
limestone calcined clay cement (LC3) in Section 3.3.

2.2, Representative Inventory Dataset Selection

If no representative inventory can be identified, this step can be skipped in its entirety. When a
representative inventory is available, then a source—ideally only one—should be identified as a
guideline to build the representative model. For this study, a representative inventory should
represent average production process operations in the US/NA, while the representative model
shows how the LCA of such a process is typically modeled. Three possible sources of
information are, in order or preference:

1) PCR of the product category of focus: This is the most normative guide, and since it is
written by committees including industry leaders as well as LCA practitioners, it is likely
to be representative of modeling choices at the time of writing. However, PCRs vary in
their level of descriptiveness. Some PCRs have identified many environmentally relevant
flows, and specified database, version, and specific dataset(s) to be used for LCA
modeling while others offer little guidance. In the latter situation, the following two
sources might be used.

2) Industry report, or the source from which the inventory was taken: If the LCI was
followed by a Life Cycle Impact Assessment (LCIA), this source offers a level of
completeness unlikely to be matched by the PCR, which might focus only on the most
encountered flows.

3) Analysis of valid EPDs: If the PCR is not prescriptive enough for the inventory at hand,
and the industry report does not include an LCIA, an EPD analysis might be conducted as
described in a forthcoming NIST Technical Note on EPD database creation and data gap
assessment that identifies the most used datasets for conducting an LCA for a given
product category.

Although within the context of this methodology the intended use of PCRs, industry reports,
and results of EPD analysis is to offer guidance on how to model a representative process, they
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can be used in themselves as a source for data gap identification. Effectively, any flow for which
a dataset from a database other than FLCAC is used or recommended is a potential data gap. In
fact, a data gap identification process can be conducted simply by comparing the datasets
used/recommended in the three sources above with what is available in the FLCAC. Because
the methodology here developed addresses both the identification and quantification of data
gaps, and at least one of the three sources identified above will be used to build the
representative model, no specific data gap identification is done at this stage. Instead, it is done
in the next step while creating the round robin models. However, if two or more guidelines are
available, and only one is used—e.g., if the PCR is sufficiently prescriptive, and the industry
report includes information of which datasets have been used to conduct the LCIA—a data gap
identification step should be conducted for the source not used for the representative model,
to ensure those data gaps are not missed, even if they cannot be quantified.

2.3. Create Round Robin Models

For each product category, there will be between two and seven round robin models. The
numbering for the models used in this section is shown in Table 1, which identifies each
potential combination of public, commercial, and representative inventories and databases and
the information each model may provide to the gap analysis.

Table 1 Round robin model numbering.

Model Inventory Database Information provided

#1 Public Public Gap identification when cutoff flows are included
#2 Public Commercial Gap quantification when identified in model #1
#3 Commercial Public Gap identification when flow is absent from USLCI
#4 Commercial Commercial Gap quantification

#5 Representative  Public Gap identification when flow is absent from USLCI
#6 Representative Commercial Gap quantification

#7 Representative Representative Limited modeling verification

The representative database refers to the datasets used to model an inventory following
guidelines other than those provided by the public or commercial databases, as described in
Section 2.2. No database per se is created, although it is referred as such throughout this
document and could be a combination of public and commercial datasets.

As shown in Table 1, each model may provide valuable information for the data gap analysis.
Some models present in the USLCI database—i.e., model #1—include cutoff flows. Cutoff flows
in USLCI are flows that are considered environmentally relevant, but do not have a production
or treatment process yet. Therefore, the processes that would treat or produce a cutoff flow
are considered data gaps. Using USLCI to build models based on other inventories (models #3
and #5) may also identify data gaps, if no production/treatment process exist for the flows
identified. In this case, it is the absence of a suitable dataset that indicates the existence of a
data gap. Models built using the commercial database—#2, #4, and #6—may quantify the
importance of a data gap for a certain impact category if there is a suitable dataset in the
commercial database. It is not possible to quantify the importance of a data gap in the public
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database if the commercial database does not have an equivalent process. Model #7 is not used
for data gap analysis because any gaps identified and quantified using model #7 will be through
commercial databases and would already be identified and quantified through model #5 and
model #6. However, building and running the representative model can be used for some
limited model verification by comparing the impact results of model #7 with those included in
the source of the representative inventory or related publication (e.g., industry average EPD).
Large differences between these two sets of results may indicate modeling errors in model #7
and/or model #5 and model #6, including different quantities for a given flow, alternative
dataset selection, etc. However, similar results may not imply consistency in modeling, and in a
case where the representative model results have only been reported in total impacts, it is
impossible to confirm this consistency due to the lack of transparency.

Prior to the construction of any model, ecoinvent 3.10 database was mapped using openLCA’s
flow mapping feature [34] and the mapping file developed by the EPA and the support of Green
Delta and ERG [35]. This facilitates the use of LCIA methods compatible with USLCI with models
that include ecoinvent datasets, either with a commercial or representative database.

Ideally, models #1 and #4 should remain unmodified. However, ecoinvent is a Swiss database
and product models within the database are typically for geographies other than the US, such
as Switzerland, Europe, or Rest of the World (RoW). Thus, when no US inventory is available,
another geography must be selected. Preference is given to North American (NA), Canadian
(CA), or Quebecoise (CA-QC) inventories, as they are closer geographically to the US. If there
are no North American inventories available, the preference is to select one from a specific
country—e.g., Switzerland—instead of RoW because country-specific inventories are easier to
modify. By default, the only modification is to substitute electricity use from the country of
origin—e.g., “market group for electricity, medium voltage | electricity, medium voltage |
Cutoff, U - CH” for its US equivalent—“market group for electricity, medium voltage |
electricity, medium voltage | Cutoff, U — US.” Due to the lack of US specific datasets in
ecoinvent, no further regionalization efforts were conducted unless specifically mentioned for a
given product category. Note that, as mentioned in this section above, USLCI “cutoff flows” are
those for which there is currently no production or treatment process in the database while in
ecoinvent the cutoff term is used for models built using the recycled content approach [36].
The approach implemented in ecoinvent cuts off recyclable materials from the system in which
they are produced, becoming available for any activity that consumes/treats those materials
burden-free (e.g., recycling activitites).

When developing “mixed” models (#2 and #3) datasets from one database need to be
substituted for similar datasets from another database. For example, when building a Model #2,
the USLCI datasets used in Model #2 need to be substituted for equivalent ecoinvent datasets.
The supplementary “ecoinvent to USLCI” workbook (Appendix B) offers guidance on for
numerous flows encountered through the analyses described in the sections below. For other
flows, expert knowledge is recommended because datasets are seldom equivalent.

Models can be built in any commercial LCA software. For the case studies below, openLCA 2.1
[37] was used.
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2.4. Modeling and Gap Quantification

An LCA model produces an impact assessment and generates results for one or more impact
categories [6]. The details on how to complete an impact assessment varies by the software
used to build the models. In openLCA, a product system needs to be created for each dataset
before potential environmental impacts can be calculated, and the LCIA method must be
compatible with the selected database. For example, if the target database is USLCI, LCIA
methods are limited to those available in FLCAC: TRACI 2.1 [38], ReCiPe2016v1.1 [39],
ImpactWorld+v1.3 [40], International Panel on Climate Change’s (IPCC) Global Warming
Potential (GWP), inventory methods, and the Characterization Factors for Construction Material
EPD Indicators, also referred as ISO 21930-LCIA-US [20]. This last LCIA method was used for the
data gaps analyses in this study and reported results have been limited to the impact category
“Greenhouse Gases” (referred to as GWP for the remainder of this document).

Quantifying a data gap is equivalent to assessing the contribution of that process to the impact
of the full model. It can be expressed in absolute terms (e.g., kg CO eq./ functional unit) or
relative terms (e.g., percent of GWP impact). In the analyses below, data gaps are most often
guantified as the relative contribution of the GWP. GWP was selected because it is currently the
primary focus of most government policy targeting environmental impacts of building products.
Note that selection of a different impact category could impact the relative importance of a
given data gap, which will be discussed further in Appendix C.

10
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3. Analysis by Product Category

This section describes the implementation of the methodology defined in Section 2 to complete
LCA modeling and analysis as well as a summary of the findings for each product category
evaluated in this study: cement, concrete, limestone calcined clay cement, slag cement,
aggregates, and gypsum. Product categories were selected based on a combination of EPA
prioritization, synergies with on-going NIST research, and variation in both availability of LCA
inventories and prescriptiveness of data source requirements in the applicable PCR.

3.1. Portland Cement

Cement is the largest manufactured product by mass globally [41]. Its production was
responsible for 7 % of global CO; emissions in 2014 [42], while in 2019, the production of this
EPA priority material was the source for 10 % of the industrial sector’s reported greenhouse gas
(GHG) emissions [43]. The need to reduce the emissions of this key industrial sector, mentioned
among others by Scrivener et al. [41], aligns well with the Carbon Capture and Accounting
Program, Net Zero Energy High Performance Buildings Program, and Circular Economy Program
at NIST.

The current PCR for cement [24], v.2.3., covers ordinary Portland cement (OPC) in addition to
blended, masonry, mortar, and stucco cements. It does not prescribe what datasets to use as
background data, merely indicating purchased electricity shall be regionalized data—NERC or
similar for North America and per country or region-specific outside of the US and Canada—
preferably to include transmission and distribution losses.

3.1.1. Identify Available Inventories

A public model is available in USLCI, labeled “Portland cement, at plant” and based on a 2006
report from the Portland Cement Association (PCA) [44]. This is a cradle-to-gate inventory,
starting with limestone as a mineral resource, and ending with OPC as a finished product.

ecoinvent includes a model for OPC production, based on Boesch and Hellweg’s [45], for ten
geographies, including the US, as well as a number of models for European specifications. It is
effectively a model for the grinding and mixing of gypsum, limestone, and clinker, the main
component of cement. ecoinvent also has a US specific process for the production of clinker,
although it is based on a 2007 report for ecoinvent 2.0 [46], itself based on a 2000 Swiss report
[47].

Athena Sustainable Materials Institute (ASMI) created, on behalf of the Portland Cement
Association (PCA), LCIs for OPC, blended, Portland limestone, and masonry cements, in addition
to cement’s precursors clinker, and quarried limestone [48]. This report is used here to build
the representative inventories of these three materials for this study.

11
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3.1.2. Round Robin Model Construction

The existence of a public, commercial, and representative inventory means the full set of seven
models based on the combinations of available inventories and databases were developed—
Table 2. In addition, an alternative version of OPC#1 (labeled OPC#1 ALT) was developed that
removes identified duplicative emissions that are discussed in detail in Section 3.1.2.1. All
models can be found in the supplemental “Cement models” workbook (Appendix B).

Table 2 Portland cement models.

Model Inventory Database Comments

OPC #1 Public Public

OPC #1 ALT Public Public Double counting of combustion emissions avoided
OPC #2 Public Commerecial

OPC #3 Commercial Public

OPC #4 Commercial Commercial

OPC #5 Representative  Public

OPC #6 Representative Commercial

OPC #7 Representative Representative

Models were also developed for intermediate steps of OPC production, limestone quarry, and
clinker as described in [48]. Since there are three inventories for limestone quarry, all seven
models were developed—Table 3. Contrarily, because USLCI does not have an inventory for

clinker production, only five models were built for clinker—Table 4.

Table 3 Limestone quarry models.

Model Inventory Database
QUARRY #1 Public Public
QUARRY #2 Public Commercial
QUARRY #3 Commercial Public
QUARRY #4 Commercial Commercial
QUARRY #5 Representative Public
QUARRY #6 Representative Commercial
QUARRY #7 Representative Representative
Table 4 Clinker models.
Model Inventory Database
CLINKER #3 Commercial Public
CLINKER #4 Commercial Commercial
CLINKER #5 Representative Public
CLINKER #6 Representative Commercial
CLINKER #7 Representative Representative

Because the supplementary information to the ASMI report [48] only includes the inventories,
the representative database is based on common practices followed by those EPD generators
who chose to disclose the processes used in their models—additional details will be provided in
the forthcoming NIST Technical Note on EPD database creation and data gap assessment. These
common practices include using processes taken from USLCI, ecoinvent, and Datasmart. The
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models built exclusively with ecoinvent or USLCI processes follow, whenever possible, the
examples given by those databases in their respective models for cement (see the Appendix B,
and the workbook Cement models). The exact processes selected for each model are also
detailed in that file.

3.1.2.1. Models based on the public inventory

The public model for the limestone quarry—based on a report by Franklin Associates from 2004
[49]—consists of only six inputs, none of which are identified as data gaps. As mentioned
above, USLCI does not have an inventory for clinker, although the production of clinker is
included as part of OPC production. This last inventory includes twelve input and six output
cutoff flows. In addition, ten input flows are environmental inputs (resources), eight of which
are considered data gaps. One exception is “Raw material, unspecified,” which is not
considered a data gap because it is not possible to model an unidentified raw material.
“Limestone” is not a gap in this process because the quarrying needed for limestone extraction
is included in this inventory as detailed in Marceau et al. [44], and there is a separate inventory
for “Limestone, at mine” included in USLCI.

Two discrepancies were identified between the PCA inventory in [44], and how it was
implemented in USLCI. First, in the report, fossil fuels are “raw” input materials, and their
combustion results in a series of emissions quantified as outputs. In contrast, USLCI includes the
combustion of fossil fuels as input processes, and the direct emissions as outputs. This
effectively duplicates inclusion of the emissions generated during the combustion of fossil fuels.
To remedy this issue, the model OPC#1 ALT was created with the combustion processes
originally, included in the USLCI model substituted with processes supplying the fossil fuel.
Second, five of the material outputs (i.e., wastes to be combusted) should be considered as
inputs because the production of Portland cement does not generate these wastes, but instead
it uses these as fuel. Since, as mentioned above, these are cutoff processes, the change will
have no effect in the LCIA of the process. However, it would have consequences if these
processes were ever modeled in detail because that would mean the production of Portland
cement is the source of those impacts.

When modeling the process using datasets from ecoinvent, only the unspecified raw material
remains as a data gap because the commercial database has either a model for the missing
process, or a reasonable proxy. In this case, wastes used as inputs are deliberately left without
a provider to ensure both that they are burden free and Portland cement production is not
credited for the avoided production or combustion of those wastes.

3.1.2.2. Models based on the commercial inventory

At the quarry—limestone mine—level, three input data gaps were identified: “blasting”—i.e.,
the use of explosives—the “quarry infrastructure,” and the “recultivation” of the limestone
mine. The inventory for clinker production however, revealed thirteen data gaps: three kinds of
refractory material for the kiln, two (output) waste treatment, two capital goods— “cement
factory” and “heavy industrial machinery,” and six material inputs—calcareous marl, clay,
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hydrated lime, meat and bone meal, sand, and water. Lime can also be considered a data gap,
in as much as the production of lime in ecoinvent includes several processes, while USLCI only
has one, “limestone mine” —see Figure 3. For OPC production, two data gaps were identified:
“cement factory,” and “clinker production”. Note that the production of clinker is aggregated in
the USLCI inventory for Portland cement production, as described in Section 3.1.1.
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Figure 3 Process flow diagram for OPC production following ecoinvent, with a focus on the production of lime.

3.1.2.3. Models based on the representative inventory.

ASMI [48] was used to build representative models for 1) limestone quarry production, 2)
clinker production, and 3) Portland cement using limestone and clinker as inputs—Figure 4.

Limestone Limestone, at mine &
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Figure 4 Flow diagram for the production of Portland cement with the representative inventories
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As indicated in Section 3.1.2.1, there is already an inventory for Limestone quarry in USLCI, and
it is not a data gap as defined in this study. Nevertheless, the inventory included in [48] was
used as the representative inventory for limestone production because it offered the
opportunity to update the LCl already included in USLCI and ensures consistency with the
subsequent clinker and cement inventories. Clinker production was identified as a gap in
Section 3.1.2.2. Clinker is a key component of the model for Portland cement as well as for
other cements and, therefore, is used as the representative inventory.

With the limestone quarry inventory, three data gaps were identified: “explosives,” hydraulic
fluid—for which ethylene glycol monoethyl ether (EGEE) was used in the commercial model—
and the “landfilling of non-hazardous waste”. The representative model was built using mostly
ecoinvent processes except for the transport—from USLCl—and electricity—from the
Datasmart database.

Thanks to the clinker inventory, 66 unique data gaps were identified: 43 input flows, 11 output
flows—waste treatment processes that did not appear as inputs—and 12 resource input
flows—excluding “Raw material, unspecified” used to indicate other alternative material
inputs—see the workbook Cement models (Appendix B) for the whole list. A large fraction of
the input flows (20 out of 43) are wastes used as a resource in the kiln, as alternative fuel (e.g.,
tires) or as an alternative to limestone (e.g., slags). Although these materials enter the
calcination process burden free. Their absence will have no impact in the LCIA as modeled
below, they could become more environmentally relevant in the future if they stop being
“burden free wastes” and become valuable raw materials, for which the plant operator is
expected to pay.

For the representative model, USLCl is used in four out of five transport processes and two
fuels: gasoline, and bituminous coal. ecoinvent is used for most of the remaining processes,
although for nine processes, the Datasmart database was used. Although it falls outside the
scope of this report, it is worth highlighting there are gaps in ecoinvent as well—21 identified
for clinker production.

With the OPC inventory, 22 data gaps were identified: four elementary flows and eighteen
cutoff flows. As for clinker production and limestone quarry, most of the processes used for the
cement representative model are taken from ecoinvent, with limited input from USLCI and
Datasmart—see the workbook Cement models and Appendix B for details.

3.1.3. Modeling Results

In the following subsections, the GWP results of the models developed in Section 3.1.2 are
presented, organized by their source inventory. For the data gaps for which there was a
commercial model available, their contribution as a percentage of the GWP of the commercial
model were reported.
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3.1.3.1. Models based on the public inventory

Differences between the models for limestone production are small, with the GWP of
QUARRY#1 only 7.63 % higher than that of QUARRY#2—Figure 5. These differences are mostly
driven by the higher GHG emissions of electricity in USLCI relative to ecoinvent—18.51 %.
However, they are ameliorated by the higher impact of diesel combustion in model #2—4.52 %
higher than in QUARRY#1. As mentioned in Section 3.1.2.1, there were no gaps in the public
inventory of limestone production, and therefore they have no effect in its carbon footprint.

0 0.001 0.002 0.003 0.004 0.005 0.006
kg CO, eq./ kg limestone (Ib/Ib)
M Electricity H Diesel M Natural gas H Gasoline H Coal

Figure 5 Global warming potential of 1 kg of limestone according to the public inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.

The results in Figure 6 show the effects of “double counting” fuel combustion in the cement
USLCI model (OPC#1). The most noticeable impact is due to hard coal, as the impact for the
supply of this fuel is only 6 % of the impact of the combined supply and combustion impact. The
effects from other fossil fuels are smaller, as is their contribution to the energy requirements of
the production process.

OPC#2

OPC#1 ALT

OPC#1 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
kg CO, eq./ kg Portland cement (Ib/Ib)
M Direct H Coal M Electricity M Natural gas B Petroleum coke B Other

Figure 6. Global warming potential of 1 kg of Portland cement according to the public inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.

Once the fossil fuel in the baseline model is adjusted (OPC #1 ALT), there is less than 0.5 %
difference between the GWP of OPCH#1 ALT and OPC#2. Despite the overall alighment, there are
small differences in the relative contributions of the background processes between both
databases. Namely, the GWP of USLCI electricity is 18 % higher than that for ecoinvent. More
importantly is the combined impact of the 15 quantifiable data gaps—i.e., the processes
missing in USLCI but present in ecoinvent. These fifteen missing flows account for 1.33 % of the
GWP when the model is built using ecoinvent, the two most significant gaps being cement
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paper bags/paper sacks (0.25 %) and ground granulated blast furnace slag (0.22 %), as shown in

Table 5.

Table 5 Data gaps based on the public inventory, and their contribution to GWP when the model is built using

ecoinvent processes.

Contribution [%]

Process

0.25

market for paper sack | paper sack | Cutoff, U - RoW

0.22 market for ground granulated blast furnace slag | ground granulated blast furnace slag
| Cutoff, U - US

0.13 market for explosive, tovex | explosive, tovex | Cutoff, U - GLO

0.13 market for iron ore concentrate | iron ore concentrate | Cutoff, U - GLO

0.12 market for diethylene glycol | diethylene glycol | Cutoff, U - RoW

0.1 market for tap water | tap water | Cutoff, U - RoW

0.0653 market for gypsum, mineral | gypsum, mineral | Cutoff, U - Row

0.0645 market for clay | clay | Cutoff, U - RoW

0.0499 market for sand | sand | Cutoff, U - RoW

0.048 market for shale | shale | Cutoff, U - GLO

0.0437 market for refractory, high aluminium oxide, packed | refractory, high aluminium oxide,
packed | Cutoff, U - GLO

0.0407 treatment of inert waste, sanitary landfill | inert waste | Cutoff, U - RoW

0.0327 market for steel, low-alloyed | steel, low-alloyed | Cutoff, U - GLO

1.75E-02 market for silica sand | silica sand | Cutoff, U - GLO

1.57E-02 market for textile, knit cotton | textile, knit cotton | Cutoff, U - GLO

3.1.3.2. Models based on the commercial inventory

According to the commercial inventory, at least 94.75 % of the GWP of a limestone quarry can
be attributed to diesel combustion—Figure 7. Because this process is 4.76 % more carbon
intense according to ecoinvent than according to USLCI, QUARRY#4 generates, logically, more
GHG emissions than QUARRY #3—8.03 %. The data gap —modeled as “blasting” —is responsible
for 2.37 % of QUARRY#4’s GWP—Table 6. The other two data gaps, “recultivation” and
“infrastructure,” are far less significant in GWP terms.

QUARRY#4

QUARRY#3

H Diesel

0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

kg CO, eq./ kg limestone (Ib/Ib)
H Other fuels B Explosives M Electricity Other

Figure 7 Global warming potential of 1 kg of limestone according to the commercial inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.



NIST TN 2338
April 2025

Table 6 Data gaps for limestone quarry operation based on the commercial inventory, and their contribution to
GWP when the model is built using ecoinvent processes.

Contribution [%)] Process

2.37 market for blasting | blasting | Cutoff, U - GLO

0.2 market for recultivation, limestone mine | recultivation, limestone mine | Cutoff, U -
GLO

0.0907 market for limestone quarry infrastructure | limestone quarry infrastructure | Cutoff, U
- GLO

By comparing Figure 5 and Figure 7 it is possible to appreciate the level of granularity of both
inventories. The ecoinvent inventory used for the models presented in Figure 7 is solely for the
operation of the quarry while the USLCI inventory likely includes crushing and/or milling and,
therefore, it is reasonable that the GWP of QUARRY #1 is 55.18 % higher than that of
QUARRY#3, and that QUARRY#2’s GWP is 33.46 % higher than QUARRY#4’s. The fact that, as
shown Figure 3, the processing of limestone continues elsewhere in ecoinvent can also be seen
in the near absence of electricity—required for crushing and milling—in QUARRY#3 and
QUARRY#4, as it is responsible for less than 0.4 % of their GWP.

According to the commercial inventory for clinker production, at least 88.99 % of the GWP is
due to direct emissions, both from calcination and fuel combustion. Because of that, it is worth
stressing that the fuels appearing in Figure 8 are fuel supply processes, not combustion
processes. Since most of GHG emissions are direct, differences between the models are small,
with CLINKER#4 having a GWP 3.83 % higher than that of CLINKER#3. This are due to the higher
impact of several processes in ecoinvent: coal, ammonia, steel, diesel combustion, natural gas,
lubricant oil; and to the data gaps included under “others” in CLINKER#4. The thirteen gaps
which are included in ecoinvent are responsible for 1.35 % of CLINKER#4’s impact, as seen on
Table 7.

CLINKER#3
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
kg CO, eq./ kg clinker (Ib/Ib)
M Direct M Electricity M Lime H Fuel oil m Coal M Other

Figure 8 Global warming potential of 1 kg of clinker according to the commercial inventory when built using
ecoinvent processes. Only processes contributing >1 % to the GWP of at least one scenario are shown.

Table 7 Data gaps for clinker production based on the commercial inventory, and their contribution to GWP
when the model is built using ecoinvent processes.

Contribution [%] Process

0.39 market for clay | clay | Cutoff, U - RoW

0.39 market for lime, hydrated, loose weight | lime, hydrated, loose weight | Cutoff, U - RoW
0.37 market for calcareous marl | calcareous marl | Cutoff, U - RoW
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Contribution [%] Process

0.0575 market for refractory, basic, packed | refractory, basic, packed | Cutoff, U - GLO

0.0363 market for cement factory | cement factory | Cutoff, U - GLO

0.0317 market group for tap water | tap water | Cutoff, U - GLO

0.0266 market for meat and bone meal | meat and bone meal | Cutoff, U - RoW

0.0125 market for sand | sand | Cutoff, U - RoW

0.0106 market for industrial machine, heavy, unspecified | industrial machine, heavy,
unspecified | Cutoff, U - RoW

0.0102 market for refractory, high aluminium oxide, packed | refractory, high aluminium oxide,
packed | Cutoff, U - GLO

0.00784 market for refractory, fireclay, packed | refractory, fireclay, packed | Cutoff, U - GLO

0.00541 market for municipal solid waste | municipal solid waste | Cutoff, U - RoW

0.00015 ;noaxet for inert waste, for final disposal | inert waste, for final disposal | Cutoff, U —

The results in Figure 9 show the commercial inventory from ecoinvent provides a more granular
breakdown in modeling cement production than the public inventory from USLCI. As mentioned
in Section 3.1.1, the latter is a cradle-to-gate inventory of OPC production, and thus does not
have a process model for clinker production, which is responsible for 96.5 % of CLINKER#4’s
GWHP. From a high-level perspective, this modeling difference might appear immaterial. After
all, USLCI has a model for the final product, cement. However, more granular models are more
flexible and, therefore, useful under more situations. In the case of cement, this means that
with USLCI it is only possible to model OPC production. With ecoinvent however, it is possible
to model other kinds of cement requiring different amounts of clinker—e.g., IS, IP, etc. Besides
clinker, only one other process model was missing in USLCI. It is an infrastructure related flow,
“cement factory,” responsible for 0.33 % of CLINKER#4’s GWP—Table 8.

-
OPC#3 I

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
kg CO, eq./ kg Portland cement (Ib/Ib)
M Clinker M Electricity Ethylene glyclol Other

Figure 9 Global warming potential of 1 kg of cement according to the commercial inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.

Table 8 Data gaps based on the commercial inventory, and their contribution to GWP when the model is built
using ecoinvent processes.

Contribution [%] Process
96.5 clinker production | clinker | Cutoff, U - US
0.33 market for cement factory | cement factory | Cutoff, U - GLO
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3.1.3.3. Representative Model

The representative inventory for limestone production requires 58.63 % less electricity than the
public inventory—1.75-103kWhvs. 4.23-103 kWh—and 14.21 % more diesel—see Figure 5 and
Figure 10. The impact of these two flows is the main reason why the GWP of QUARRY#5 is
29.55 % lower than that of QUARRY#1, the equivalent model based on the public inventory—
see Figure 5 and Figure 10. However, the GWP of QUARRY#6 is 20.40 % higher than that of
QUARRY#2 because there is no lubricant, explosives, or hydraulic fluid in the public inventory
(Figure 10). The last two flows are particularly important, not only because of their contribution
to GWP (29.60 % and 4.20 % for QUARRY#6, respectively), but also because they are data
gaps—see Table 9.

0 0.001 0.002 0.003 0.004 0.005 0.006
kg CO, eq./ kg limestone (Ib/Ib)
M Electricity H Diesel B Explosives Lubricant Hydraulic fluid H Gasoline Other

Figure 10 Global warming potential of 1 kg of limestone according to the representative inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 9 Data gaps for limestone quarry operation based on the representative inventory, and their contribution
to GWP when the model is built using ecoinvent processes

Contribution [%] Process

29.6 market for explosive, tovex | explosive, tovex | Cutoff, U - GLO

4.2 market for ethylene glycol monoethyl ether | ethylene glycol monoethyl ether | Cutoff,
U - RoW

0.27 market for tap water | tap water | Cutoff, U - RoW

0.00504 process-specific burdens, inert material landfill | process-specific burdens, inert

material landfill | Cutoff, U - RoW

Like for the commercial inventory, direct emissions constitute the vast majority of the GHG
emissions of clinker production, at least 86.78 %—Figure 11. The GWPs of CLINKER#5 and
CLINKER#7 are practically identical—less than 0.3 % difference—and even CLINKER#6’s
emissions are only 3.40 % to 3.65 % higher. Differences between CLINKER#5 and CLINKER #6
can be partially attributed to the data gaps presented in Table 10, all but “activated carbon”
appearing in the figure as part of “others,” and whose combined contribution to CLINKER#6’s
GWP is of 2.62 %. However, these data gaps are included in CLINKER#7. Therefore, the
difference between CLINKER#6 and CLINKER#7 is entirely driven by the methodological choices
behind both models. Specifically, CLINKER #7 selects petroleum coke, electricity, and diesel
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combustion from Datasmart and all transport activities but sea transport from USLCI, all having
a lower impact than the equivalent flows in ecoinvent.

0 0.1 0.2 0.3 0.4 05 06 0.7 0.9 1
kg CO, eq./ kg clinker (Ib/Ib)
M Direct M Electricity M Petroleum coke H Coal M Natural gas M Activated carbon H Other

Figure 11 Global warming potential of 1 kg of clinker according to the representative inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.

Table 10 Data gaps for clinker production based on the representative inventory, and their contribution to GWP

when the model is built using ecoinvent processes.

Contribution [%] Process

1.170

market for activated carbon, granular | activated carbon, granular | Cutoff, U - GLO

0.730 treatment of municipal solid waste, municipal incineration | municipal solid waste |
Cutoff, U - RoW

0.098 market for lime, hydrated, loose weight | lime, hydrated, loose weight | Cutoff, U -
RoW

0.096 market for iron ore concentrate | iron ore concentrate | Cutoff, U - GLO

0.0732 market for silica sand | silica sand | Cutoff, U - GLO

0.0729 aluminium oxide production | aluminium oxide, non-metallurgical | Cutoff, U - RNA

0.0641 market for municipal solid waste | municipal solid waste | Cutoff, U - RoW

0.0586 market for clay | clay | Cutoff, U - RoW

0.0421 market for diethylene glycol | diethylene glycol | Cutoff, U - RoW

0.0415 market for shale | shale | Cutoff, U - GLO

0.0403 market for sand | sand | Cutoff, U - RoW

0.0383 market for tap water | tap water | Cutoff, U - RoW

0.0212 market for kaolin | kaolin | Cutoff, U - GLO

0.0164 market for calcium chloride | calcium chloride | Cutoff, U - RoW

0.00927 market for quicklime, milled, loose | quicklime, milled, loose | Cutoff, U - RowW

0.0089 market for granulated blast furnace slag | granulated blast furnace slag | Cutoff, U - BR

0.00875 market for calcareous marl | calcareous marl | Cutoff, U - RoW

0.00624 market for waste paperboard | waste paperboard | Cutoff, U - RowW

0.00599 market for refractory, basic, packed | refractory, basic, packed | Cutoff, U - GLO

0.00487 treatment of wastewater from concrete production, wastewater treatment |
wastewater from concrete production | Cutoff, U - CH

0.00299 market for waste wood, untreated | waste wood, untreated | Cutoff, U - RoW

0.00235 market for gypsum, mineral | gypsum, mineral | Cutoff, U - RowW
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Contribution [%] Process

0.00193 market for refractory, high aluminium oxide, packed | refractory, high aluminium oxide,
packed | Cutoff, U - GLO

0.00174 market for bentonite | bentonite | Cutoff, U - GLO

0.000428 treatment of hazardous waste, hazardous waste incineration | hazardous waste, for
incineration | Cutoff, U - RoW

0.000111 treatment of hazardous waste, underground deposit | hazardous waste, for
underground deposit | Cutoff, U - RoW

0.0000591 treatment of municipal solid waste, sanitary landfill | municipal solid waste | Cutoff, U -
RoW

0.0000139 treatment of sewage sludge, 97 % water, WWT, WW from concrete production,
landfarming | sewage sludge, 97 % water, WWT, WW from concrete production |
Cutoff, U - RoW

0.00000747 treatment of spent solvent mixture, hazardous waste incineration | spent solvent
mixture | Cutoff, U - RoW

0.00000111 market for waste plastic, mixture | waste plastic, mixture | Cutoff, U - RoW

0 Treatment of waste oil, dummy

As in the case of the commercial inventory for OPC production, Figure 12 shows clinker
production to be responsible for more than 95 % of the GHG emissions for all three models. The
differences in impacts across models are less than 4 %. The models are also less than 2.1 %
apart from the GWP for OPC from the industry average EPD, 0.922 kg CO: eq./kg [50]. These
differences are mostly due to clinker production, whose GWP per kg of cement ranges between
0.87 in OPC#5 and OPC#7 to 0.90 in OPC#6. The processes available in ecoinvent but missing in
USLCI—22 in total—are responsible for less than 0.3 % of the impact when modeling using
ecoinvent processes—Table 11. Eight other processes are missing from both USLCI and
ecoinvent. These are wastes used as inputs, and therefore currently assumed to be burden free.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
kg CO, eq./ kg Portland cement (Ib/Ib)
B Clinker H Coal M Electricity Other

Figure 12 Global warming potential of 1 kg of Portland cement according to the representative inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 11 Data gaps based on the representative inventory, and their contribution to GWP when the model is
built using ecoinvent processes.

Contribution [%] Process
0.16 market for diethylene glycol | diethylene glycol | Cutoff, U - RowW
0.0586 paper sack production | paper sack | Cutoff, U - RoW
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Contribution [%] Process

0.0376 market for gypsum, mineral | gypsum, mineral | Cutoff, U - RowW

0.0115 treatment of municipal solid waste, sanitary landfill | municipal solid waste | Cutoff, U -
RoW

0.00689 market for ground granulated blast furnace slag | ground granulated blast furnace slag |
Cutoff, U - US

0.00635 market for extrusion, plastic film | extrusion, plastic film | Cutoff, U - GLO

0.00594 market for ethylene glycol monoethyl ether | ethylene glycol monoethyl ether | Cutoff,
U - RowW

0.00392 market for EUR-flat pallet | EUR-flat pallet | Cutoff, U - RoW

0.00253 market for packaging, for fertilisers or pesticides | packaging, for fertilisers or pesticides
| Cutoff, U - GLO

0.00187 market for tap water | tap water | Cutoff, U - RoW

0.00122 market for lime, hydrated, loose weight | lime, hydrated, loose weight | Cutoff, U - RoW

0.000729 market for municipal solid waste | municipal solid waste | Cutoff, U - RoW

0.000654 market for steel, low-alloyed | steel, low-alloyed | Cutoff, U - GLO

0.000213 market for quicklime, milled, loose | quicklime, milled, loose | Cutoff, U - RoW

0.000157 market for anhydrite rock | anhydrite rock | Cutoff, U - RoW

0.0000903 market for waste paperboard | waste paperboard | Cutoff, U - RowW

0.0000213 treatment of hazardous waste, underground deposit | hazardous waste, for
underground deposit | Cutoff, U - RoW

0.00000809 market for scrap steel | scrap steel | Cutoff, U - RoW

0.00000274 market for waste wood, untreated | waste wood, untreated | Cutoff, U - RoW

0.00000102 market for waste plastic, mixture | waste plastic, mixture | Cutoff, U - RowW

0.000000668 treatment of wastewater from concrete production, wastewater treatment |
wastewater from concrete production | Cutoff, U - RoW

4,12E-10 treatment of hazardous waste, hazardous waste incineration | hazardous waste, for

incineration | Cutoff, U - RoW

3.1.4. Summary

This section summarizes the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis.

3.1.4.1. Gap Analysis Results

Results were analyzed for cement production, clinker production, and limestone production,
each of which is discussed here. Table 12 presents the five largest gaps in terms of their
contribution to the GWP of OPC production, measured as the percentage of attributed impact
in their respective models. The largest gap is by far “Clinker production”. However, this is a gap
only in as much as it is not included as a separate process in USLCI. The production of clinker is
part of the current inventory for Portland cement production in USLCI. As mentioned in Section
3.1.2.3, the ASMI’s report that was the basis of the representative model includes a model for
clinker production, which can be used to fill this gap.
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Outside clinker, other flows contribute less than 0.5 % to the GWP of their respective OPC
models. These are small gaps that might not currently be a top priority based on their GWP
impact. However, these gaps may be important for measuring other environmental impacts or
for the GWP impacts for other product categories. For example, “cement factory” contributes
more than 2 % to acidification (data not shown). Also, the contribution of ground granulated
blast furnace slag (GGBFS) is small for cement, but GGBFS is a key component in Slag cement,
which is also modeled and discussed more in Section 3.4.

Table 12 Priority gaps in GWP for Portland cement production

Rank Flow GWP (%) Inventory

1 Clinker 96.5 Commercial

2 Cement factory 0.33 Commercial

3 Paper sack 0.25/0.06 Public/Representative
4 Ground granulated blast furnace slag 0.22 Public

5 Grinding aids (Diethylene glycol) 0.16 Representative

Regarding clinker production, the overall gap is largest for the representative inventory, but it is
relatively small—2.62 %. The five largest gaps overall are presented in Table 13. The two
largest—activated carbon and municipal solid waste incineration—were identified using the
representative LCI, which also included the three largest impacts identified in the commercial
inventory—clay, hydrated lime, and calcareous marl. Even though the contribution of these
three flows is small, the differences between both inventories indicates the amount of these
materials in the production of clinker can vary significantly and may be non-negligible sources
of GWP for some plants.

Table 13 Priority gaps in GWP for clinker production

Rank Flow GWP (%) Models

1 Activated carbon 1.17 Representative

2 Incineration of municipal solid waste 0.73 Representative

3 Clay 0.39/0.06 Commercial/Representative
4 Hydrated lime 0.39/0.10 Commercial/Representative
5 Calcareous marl 0.37/0.008 Commercial/Representative

The commercial inventories for limestone used as a feedstock for clinker production are more
granular than the inventory built based on the ASMI report. The latter is a cradle-to-gate
process consisting of a single stage as illustrated in Figure 4. ecoinvent’s limestone production
chain goes from quarry to crushing to milling before being used in the clinker kiln—Figure 3.
That is reflected in Table 14, where each stage has different data gaps: “explosives” in the
quarry, “conveyor belt” during crushing, and “industrial machinery” while milling. Explosives
are the most significant data gap, although the large difference between the representative and
commercial inventories indicate there might be large variability in the amounts of explosives
used by different quarries. The use of hydraulic fluid and the “machinery required for milling
and crushing” are also non-negligible data gaps from the perspective of limestone production.
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Table 14 Priority gaps in GWP for limestone production
Rank Flow GWP (%) Models
1 Explosives 29.6/2.37 Representative/ecoinvent (quarry)
2 Hydraulic fluid (EGEE) 4.2 Representative
3 Industrial machinery 3.86/0.41 Commercial (milled)/Commercial (crushed)
4 Conveyor belt 1.0 Commercial (crushed)
5 Water 0.27 Representative

3.1.4.2. Other Findings

Through this analysis one key additional finding was identified that needs to be highlighted. As
discussed in Section 3.1.3.1, by comparing the GWP of the models based on the public
inventory built using USLCI and ecoinvent, it was possible to infer this inventory overestimated
the impact of OPC production by way of including fuel combustion processes in addition to
direct emissions generated by the combustion of those fuels.

3.1.4.3. Limitations

The example of cement production stresses two limitations to the quantification aspect of this
data gap analysis:

- Itis only possible to quantify the importance of a gap if a process model is available in
another database. In the case of OPC, the flows missing from both USLCI and ecoinvent
are waste flows use as inputs, and therefore considered burden-free. However, that
might not be case for other products.

- Prioritizing processes with high impacts might leave behind alternative processes that
are key because they cause low impacts. —e.g., GGBFS. Not modeling these processes
will overestimate their benefits, particularly if these alternatives are used in larger
guantities in the future (e.g., clay).

3.2. Concrete

After water, concrete is the most used material in the world [41] and is the primary application
for cement. Thus, it is also indirectly responsible for 7 % of global anthropogenic CO; emissions
associated with cement [42]. Concrete is a material with a wide range of applications with a
variety of constituents mixed in different proportions. The objective of this study is not to
conduct an exhaustive data gap analysis of the concrete industry, but to illustrate how the
procedure developed here can be applied in this sector and identify some of the most
important processes and materials currently absent in public LCI databases. Thus, a mix design
for one strength class of ready-mix concrete (RMC) was selected to conduct the analysis. This
process can be replicated for other mix designs and strength classes to estimate the variability
in the impact of the data gaps identified in this study as well as identify additional data gaps
and their relative importance for alternative concrete mixes (e.g., limestone calcined clay
cement or LC3).
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The Concrete PCR was used as the basis for the representative modeling because it provides
enough prescriptive requirements that it can be combined with an available inventory to
construct an LCA model. Therefore, it was not necessary to identify an industry report (see
section below) or conduct an EPD analysis to identify best/common practices when modeling
RMC.

3.2.1. Identify Available Inventories

Along with identifying a representative inventory, it was also determined whether public
and/or commercial inventories currently exist to model concrete. A review of these available
inventories identified there is no publicly available inventory. USLCI does not have a model for
RMC, and currently there are no models elsewhere in the FLCAC. Thus, no public model is
included in our analysis. Nevertheless, a parametric model for concrete was once included as
part of the Federal Highway Administration (FHWA)/Michigan Technological University (MTU)
Asphalt Pavement Framework repository [51].

ecoinvent includes a model for North American concrete (concrete production, 20 MPa, with
cement, Portland | concrete, 20MPa | Cutoff, U — CA-QC), which is roughly equivalent to the
strength class of the RMC chosen for the representative model—20 MPa (approximately 2900
PSI). The model is based on Canadian reports [52—-54], although the source of Portland cement
is the US and the electricity is split between the US and Canada (excluding Quebec). For the
subsequent analysis the model was modified to use “market group for electricity, medium
voltage | electricity, medium voltage | Cutoff, U - US” for all electricity processes.

The National Ready-Mix Concrete Association (NRMCA) commissioned ASMI with a Cradle-to-
gate LCA of RMC manufactured by their members in 2019 [55]. It includes an appendix with
national and regional LCA benchmarks based on industry averages, from which the “US
National Benchmark Mix design for a 3000-psi concrete” as the representative concrete mix in
combination with their “US National Transportation Mode and Distance” and “Gate to Gate
manufacturing energy use” values to build the representative inventory. In their report, ASMI
also indicates which datasets were used to conduct their LCA. However, here the concrete PCR
[24] was followed to complete the representative model for this study.

3.2.2. Round Robin Model Construction and Gap Analysis

The absence of a public inventory means it was only possible to develop a set of five models
based on the combination of commercial and representative inventories and public,
commercial, and representative databases—Table 15. The tables containing the datasets used
for all models can be found in the supplementary workbook “RMC models” (Appendix B).

Table 15 Models developed for ready mix concrete.

Model Inventory Database
RMC#3 Commercial Public
RMC#4 Commercial Commercial

RMC#5 Representative Public
RMC #6 Representative Commercial
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Model Inventory Database
RMC #7 Representative Representative

Public LCI data gaps were identified using both the commercial and representative inventories.
As mentioned in Section 3.2.1, the commercial inventory for North America was modified to
use the US average for all electricity. Nine gaps were identified while building the commercial
inventory using USLCI datasets (RMC#3): three constituents of concrete (sand, gravel, and
water), three auxiliary materials (alkylbenzene sulfonate linear, synthetic rubber, and
unspecified organic chemical), one capital good (concrete mixing factory), and two waste
outputs (waste concrete and wastewater from concrete production).

Twelve data gaps were identified while using USLCI to build a model based on the
representative inventory (RMC#5). Nine of these gaps were concrete constituents: two
additives, two supplementary cementitious materials (SCM), four aggregates, and mixing water.
In addition, there was one auxiliary material (process water) and two waste incineration
processes. It is worth mentioning “Hazardous waste, to incineration” is a process included in
USLCI. However, it is a cut off flow despite not being labeled as such, and therefore is still a data

gap.

When building a model based on the representative inventory using ecoinvent (RMC#6)—and
when building the representative model proper (RMC#7)—one SCM remains a data gap: fly ash.
This is because ecoinvent considers many SCMs as burden free and does not include them as
part of the inventory. To account for the emissions generated during the incineration of
hazardous waste and municipal solid waste, the waste treatment processes were included as
outputs for both RMC #6 and RMC #7 even though they are technically fuel inputs.

The representative model proper (RMC #6) uses USLCI datasets for transport and fuel
combustion and ecoinvent for most of the other flows. However, additives and slag cement—
the other SCM—were modeled using their industry average EPDs as inputs by creating a
process with a CO; output equal to the GWP value indicated in the EPD.

3.2.3. Modeling Results

In the subsections below, the GWP of the models developed in Section 3.2.2 are presented
organized by their source inventory. The contribution of the identified data gaps as a
percentage of the GWP of the model built with commercial datasets is also included.

3.2.3.1. Models based on the commercial inventory

As reflected in Figure 13, OPC production is by far the largest contributor to the carbon
footprint of concrete because of the 15 % difference in GWP in OPC production found in
Section 3.1.3.1 and Section 3.1.3.2, the GWP of RMC #3 is less than 2 % lower than that of
RMCH4 despite the significant gaps for crushed gravel, sand, and others processes that make up
more than 13 % of the carbon footprint of RMC #4 (Table 16). Thus, the models are less closely
aligned than what their total GWP values may suggest.
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Figure 13 Global warming potential of 1 m3 of 20 MPa concrete according to the commercial inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 16 Data gaps based on the commercial inventory, and their contribution to GWP when the model is built
using ecoinvent processes.

Contribution [%] Process

5.72 market for gravel, round | gravel, round | Cutoff, U - RoW

5.39 market for sand [ sand | Cutoff, U - RoW

0.96 market for concrete mixing factory | concrete mixing factory | Cutoff, U - GLO

0.88 market for alkylbenzene sulfonate, linear, petrochemical | alkylbenzene sulfonate, linear,
petrochemical | Cutoff, U - GLO

0.2 market for waste concrete | waste concrete | Cutoff, U - RoW

0.11 market for tap water | tap water | Cutoff, U - RoW

0.0273 market for chemical, organic | chemical, organic | Cutoff, U - GLO

0.0107 market for synthetic rubber | synthetic rubber | Cutoff, U - GLO

0.00281 market for wastewater from concrete production | wastewater from concrete production |

Cutoff, U - RoWw

3.2.3.2. Models based on the representative inventory

The results in Figure 14 shows a good match between the carbon footprint of RMC#7 —
representative inventory modeled following the PCR—and the industry average for a 3000 psi
concrete according to [55], 262.34 kg/m?3 (442.19 Ib/yd3). Since the carbon footprint of Portland
cement using the models developed in Section 3.1.2 results are similar, the differences for
other flows between RMC#5 and RMC#6 are highlighted. The impact of truck transport is higher
in ecoinvent relative to USLCI (Figure 14). Data gaps explain a significant portion of remaining
differences between both models, as the nine processes identified in Table 17 are responsible
for 8.6 % of the impact generated by RMC#6.
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Figure 14 Global warming potential of 1 m? of 3000 Psi concrete according to the representative inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown. For results in Ib/yd® multiply by 1.69

Table 17 Data gaps based on the representative inventory, and their contribution to GWP when the model is
built using ecoinvent processes.

Contribution [%] Process

2.89 gravel production, crushed | gravel, crushed | Cutoff, U - RoW

1.87 treatment of municipal solid waste, municipal incineration | municipal solid waste | Cutoff,
U-CA

1.21 gravel and sand quarry operation | sand | Cutoff, U - RoW

0.82 market for tap water | tap water | Cutoff, U - RoW

0.78 market for chemical, organic | chemical, organic | Cutoff, U - GLO

0.52 gravel and sand quarry operation | gravel, round | Cutoff, U - RoW

0.43 ground granulated blast furnace slag production | ground granulated blast furnace slag |
Cutoff, U - RoW

0.0244 market for alkylbenzene sulfonate, linear, petrochemical | alkylbenzene sulfonate, linear,
petrochemical | Cutoff, U - GLO

0.0109 treatment of hazardous waste, hazardous waste incineration | hazardous waste, for

incineration | Cutoff, U - RoW

3.2.4. Summary

This section summarizes the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis of concrete.

3.2.4.1. Gap Analysis Results

Five of the nine data gaps identified in each inventory were the same, indicating a relative
consistency between the commercial and representative inventories. Three of these data
gaps—crushed gravel, sand, and air entraining admixture—constitute the first, second, and fifth
priority gaps in terms of GWP, respectively, as seen in Table 18. The other two—tap water and
set accelerator—are sixth and seventh in GWP impact. The relative contributions of aggregates
and air-entraining admixture are more important in the commercial inventory than in the
representative inventory, and the opposite is true for tap water and set accelerator. This was to
be expected because they are for two similar, but ultimately different, concretes—20.00 MPa
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(2901 PSI) and 20.68 MPa (3000 PSl), respectively. Thus, even when the importance of these
concrete constituents is clear, their actual contribution—to GWP or any other environmental
impact—will depend significantly on the actual composition of concrete. For example, as one
moves towards higher compressive strength concretes, the fraction of aggregates decreases
while the fraction of cement increases, making their relative contribution to GWP smaller [55].
Alternatively, lower carbon alternative concretes that substitute OPC with limestone (e.g., PLC)
or calcinated clay (LC3) can reduce the importance of Portland cement in the mix design and
make other constituents’ relative impacts increase significantly.

Table 18 Priority gaps in GWP for concrete production

Rank Flow GWP (%) Inventory

1 Crushed gravel 5.72/2.89 Commercial/Representative
2 Sand 5.39/1.21 Commercial/Representative
3 Incineration of municipal solid waste  1.87 Representative

4 Concrete mixing factory 0.96 Commercial

5 Air entraining admixture 0.88/0.0244 Commercial/Representative

3.2.4.2. Other findings

As a supplementary analysis to the traditional concrete data assessment, a representative
model for one low carbon alternative concrete using limestone calcined clay cement was
developed in Section 3.3.

3.2.4.3. Limitations

No limitations specific to the data gap assessment of concrete products were identified, and
those of Section 3.1.4.3 for cement do not apply for concrete.

3.3. Limestone calcined clay cement

Limestone calcined clay cement (LC3) is an alternative to Portland cement made with clinker,
limestone, and calcined clay, and whose GWP could be up to 40 % lower than that of OPC [56].
Although the structure and the outcome of this section is similar to the sections for other
product categories, the objective is different. The focus is not on identifying data gaps but to
illustrate how the impact of the data gaps identified in Section 3.2 may increase for alternative,
lower carbon cement. LC3 is not currently commercially available in the US or included under
an existing PCR. Therefore, there are no EPDs or any industry reports for LC3.

3.3.1. Identify Available Inventories

At present, USLCI does not have an inventory for LC3, calcined clay, or clay proper. The latter
was already identified as a data gap for OPC. For LC3, not having data for the main raw material
of the product could significantly underestimate the impact, and consequently overestimate
the relevance of the data gaps identified in Section 3.2 when LC3 is used to produce RMC. As an
alternative, “Kaolin coarse filler; production; at plant” from the European Platform on Life Cycle
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Assessment (EPLCA) was used. This inventory was the best available proxy despite its temporal
and geographical scope [57]. This dataset is a system process, with thousands of inputs and
outputs. Because no mapping between EPLCA and Federal Elementary Flow List (FEDEFL) was
found and this study focuses on GWP, the inventory was stripped down to the resource inputs
and the GHG emissions and manually converted to FEDEFL to include in the model.

ecoinvent also does not have an inventory for LC3. However, it has a model for “calcined clay
production” in Brazil, which this study adapted to represent the US by switching from Brazilian
to American electricity averages. The material input for this process, clay, comes from “clay pit
operation | clay | Cutoff, U - CH,” which is available for Switzerland—see Figure 15. Since this
process did not include electricity consumption, the model was not modified for the purposes
of this study. No data gaps were identified for the calcination process besides clay itself. For the
clay pit, two data gaps were identified related to the infrastructure of the pit: “clay pit
construction” and “mine recultivation”.

___________________

Calcined

—————

Clay pit LC3
operation . i production |
production l H
Legend

Process @ Resource | Process |
in DB @ Product i _notinDB i
Figure 15 Process flow diagram for LC3 production. Note that ecoinvent does not have an inventory for the

production of LC3 proper, although it includes Brazilian cements where a small fraction of calcinated clay is
used.

The are no industry reports or published EPDs to use as a reference for a representative
inventory. Instead the representative inventory is based on a model for calcined clay and LC3
production in Cuba [58], with modifications to energy inputs to align with those of OPC
production in the US, and using the mixing proportions offered in https://Ic3.ch/. Besides
calcinated clay, “gypsum” was the other data gap identified for the representative inventory.

3.3.2. Round Robin Model Construction and Gap Analysis

The absence of a public or commercial inventory combined with the lack of best/common
practices means that only two models (LC3 #5 and LC3 #6) could be developed based on the
combination of the representative inventory and the public and commercial databases—Table
19.

Table 19 Models developed for limestone calcined clay cement.

Model Inventory Database
LC3 #5 Representative Public
LC3 #6 Representative Commercial

Note that for both LC3 models, the limestone and clinker models built as part of the data gap
analysis for OPC in Section 3.1 were used. In addition, the following models were developed for
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the intermediate steps of clay production/clay pit operation—Table 20—and clay calcination—
Table 21.

Table 20 Models developed for clay pit.

Model Inventory Database
CLAY #1 Public Public
CLAY #3 Commercial Public
CLAY #4 Commercial Commercial

Table 21 Models developed for clay calcination.

Model Inventory Database
CC#3 Commercial Public
CC#4  Commercial Commercial

CC#5 Representative Public
CC#6  Representative Commercial

The tables containing the datasets used for all models can be found in the supplementary
workbook “LC3 models” (Appendix B).

3.3.3. Modeling Results

In the subsections below, the GWP of the models developed in Section 3.3.2 is presented,
organized by their source inventory. The contribution of the identified data gaps as a
percentage of the GWP of the model built with commercial datasets was also included.

3.3.3.1. Models based on the public inventory

Due to the absence of a US public inventory for LC3 or clay calcination, the alternative EPLCA
model was used for clay production, which had a GWP of 0.09 kg CO> eq./kg clay. Because it is a
system process, there were no data gaps, as the contributions from unit processes are
unknown.

3.3.3.2. Models based on the commercial inventory

Because there is no model for LC3 in the commercial database, an assessment could only be
completed for its two intermediates—calcined clay and clay proper. Figure 16 shows the impact
of calcined clay production (CC). The largest source of impact is “direct emissions” for both
models of CC production. These represent emissions from the combustion of petroleum coke.
The production of petroleum coke is the second most important source of GHG emissions for
CC#4. In CC#3 however, “production of clay,” is the second most contributing process. This data
gap, whose contribution to CC#4 is not as large, as shown in Table 22, is assessed below.
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Figure 16 Global warming potential for 1 kg of calcined clay according to the commercial inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 22 Data gaps based on the commercial inventory for clay calcination, and their contribution to GWP when
the model is built using ecoinvent processes.

Contribution [%] Process
5.53 market for clay | clay | Cutoff, U - RoW

Figure 17 shows the GWP for clay production following the commercial inventory. In this case,
the main data gap, “clay pit construction”—Table 23—is also the main source of impact for
CLAY #4. The other data gap, “recultivation,” has a smaller, but not insignificant GWP impact. A
noteworthy finding is that the impact of CLAY #1 (modeled in Section 3.3.3.1) is more than 30
times greater than that of CLAY#4, which explains the differences in sizes of the impacts for clay
in Figure 16 even though the two processes should, in theory, be producing the same product.
Unfortunately, the EPLCA model is a system process, which makes it is impossible to evaluate
the source of the differences in the two inventories and resulting emissions.

CLAY#4

CLAY#3

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
kg CO, eq./ kg clay (Ib/Ib)

M Diesel H Clay pit M Recultivation

Figure 17 Global warming potential for the extraction of 1 kg of clay according to the commercial inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 23 Data gaps based on the commercial inventory for clay pit operation, and their contribution to GWP
when the model is built using ecoinvent processes.

Contribution [%] Process
61.9 clay pit construction | clay pit infrastructure | Cutoff, U - CH
2.61 market for recultivation, bauxite mine | recultivation, bauxite mine | Cutoff, U - GLO

33



NIST TN 2338
April 2025

3.3.3.3. Models based on the representative inventory

For both LC3 #5 and LC3 #6, “Clinker” remains as the main source of impact for LC3 production,
despite its lower concentration when compared to OPC—Figure 18. The second largest impact
is from the production of “calcined clay,” which is the largest identified data gap for LC3 as seen
on Table 24. The other data gap, “gypsum,” has a minimal contribution to GWP.

o
-

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
kg CO, eq./ kg calcined clay (Ib/lb)
M Clinker H Calcined clay M Electricity Other

Figure 18 Global warming potential of 1 kg of LC3 according to the representative inventory. Only processes
contributing >1 % to the GWP of at least one scenario are shown.

Table 24 Data gaps based on the representative inventory for LC3 production, and their contribution to GWP
when the model is built using ecoinvent processes.

Contribution [%)] Process
13.90 calcined clay production | calcined clay | Cutoff, U - US
0.02 gypsum quarry operation | gypsum, mineral | Cutoff, U - RoW

For the commercial inventory-based models, the large differences between “clay production”
using public and commercial processes is reflected in Figure 19. The impact of CC#5 is 20 %
larger than that of CC#6 due to the differences in clay production as well as the emissions of
natural gas combustion and electricity production, which are 57 %, and 18 % larger,
respectively, in CC#5 than in CC#6. The 20 % total difference would have been even larger,
except that “combustion coal” offset a significant portion—the combined GWP of ecoinvent’s
hard coal and lignite combustion used in CC#6 is 5 % higher than for the equivalent processes in
USLCI used in CCH5.

0 0.1 0.2 0.3 0.4 0.5
kg CO, eq./ kg calcined clay (Ib/Ib)
B Coal combustion m Clay M Electricity W Natural gas combustion Other

Figure 19 Global warming potential of 1 kg of calcined clay according to the representative inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.
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Table 25 Data gaps based on the representative inventory for clay calcination, and their contribution to GWP
when the model is built using ecoinvent processes.

Contribution [%)] Process

2.98 clay pit operation | clay | Cutoff, U - RoW

3.3.4. Summary

This section summarizes the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis of LC3.

3.3.4.1. Gap Analysis Results

The limited amount of data gaps identified in this section are provided in a prioritized list in
Table 26. The first and fourth are infrastructure-related data gaps and not relevant for EPD
purposes, although they may be beneficial to address other applications of LCA. The other two
data gaps show the importance of the clay production chain: calcination is an important gap for
LC3 production and clay production is a significant gap for calcination. However, clay
production is responsible for less than 1 % of the GWP generated from producing LC3.
Gypsum’s impact on the GWP for LC3 is lower than its impact on OPC—Table 5 and Table 11.

Table 26 Priority gaps in GWP for LC3 production

Rank Flow GWP (%) Inventory

1 Clay pit construction 61.9 Commercial (Pit operation)

2 Clay calcination 13.9 Representative (LC3 production)

3 Clay production/Clay pit operation 5.53/2.98  Commercial/Representative (Calcination)
4 Mine recultivation 2.61 Commercial (Pit operation)

5 Gypsum production 0.02 Commercial (LC3 production)

3.3.4.2. Other findings

Although not in the target scope of this study, it was determined useful to compare the results
for LC3 to those of OPC from Section 3.2. Substituting OPC with LC3 in the RCM#6 3000 PSI
concrete reduces its impact by 30 %— from 275 kg CO; eq./m3to 193 kg CO; eq./m3 of concrete
(464 Ib/yd3and 325 Ib/yd3, respectively). Although this is a significant reduction, it is not as
large as the 40 % reduction mentioned in Section 3.3 above [56]. Table 27 shows the reduction
in the overall GWP causes the percentage of GWP impact associated with the data gaps
identified in Section 3.2 to increase by approximately 43 % from 8.6 % to 12.2 %. Additionally,
two data gaps (“tap water” and “air entraining mixture”) increase above the common cut-off
threshold of 1 %.
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Table 27 Size of data gaps for 3000 PSI concrete with OPC or LC3
[%] With OPC [%] With LC3 Increase in the relative contribution
Crushed gravel 2.89 4.13 43 %
MSW incineration 1.87 2.67 43 %
Sand 1.21 1.73 43%
Tap water 0.82 1.17 43 %
Air entraining admixture 0.78 1.11 42 %
Round gravel 0.52 0.74 42 %
GGBFS 0.43 0.61 42 %
Alkylbenzene sulfonate, linear 0.0244 0.0349 43 %
Hazardous waste incineration 0.0109 0.0156 43 %

3.3.4.3. Limitations

The lack of a flow mapping file between EPLCA and FEDEFL limits the use of the “Kaolin coarse
filler” process created for this study to model the GWP impact and it should not be used for
other impact categories. However, it also highlights an opportunity to 1) create such a file and
2) use EPLCA as a backup public repository for those processes for which there is currently no
model in USLCI. This creates an alternative, even if it is not an ideal match geographically or
temporally, to leaving the process blank.

The fact that EPLCA is a system unit process limits its value for the purpose of this study. First, it
could not be used as a public inventory for data gap identification purposes. Second, the large
differences between its GWP and that of the commercial model—where impacts can be
associated with individual unit processes—creates concerns about applicability of the EPLCA
outside this study.

Finally, the need to rely on several scientific publications from outside the US stresses the need
for a US or North American focused industry report. Combining different sources that may not
be applicable for the US further increases uncertainty and hinders their use as reliable public
models.

3.4. Slag Cement

Slag cement is another low-carbon alternative to the conventional OPC and, similar to LC3, its
key component, GGBFS, may be a component of OPC—as seen in Section 3.1—and concrete—
as shown in Section 3.2. Unlike LC3, however, there exists a PCR for slag cement [59] and at
least three product EPDs and an industry wide EPD [60] have been published under those
guidelines in North America. This study considers GGBFS analogous to slag cement because the
industry-wide EPD slag cement is >99 % slag, which is consistent with the commercial inventory
for slag cement—see below. Note that according to the PCR, iron blast furnace slag (the raw
material for production of GGBFS) is a recovered material and, therefore, the environmental
impacts allocated to slag are those related to treatment and transport.
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3.4.1. Identify Available Inventories

USLCI does not currently have an inventory for slag cement. ecoinvent has an inventory (named
“ground granulated blast furnace slag”) for the US based on one developed for the Slag Cement
Association (SCA) in 2002 [61]. The SCA inventory is also used for this study as the
representative inventory because there is not a more recent inventory available. Because
underlying data is the same for both inventories, all four data gaps identified in the reference
inventory— “air filter,” “treatment of inter waste, to sanitary landfill,” “organic solvents,” and
“blast furnace slag” —were also found in the commercial inventory. In the latter, two other data
gaps were identified: “cement factory” (representing the infrastructure needed to produce
GGBFS), and “wastewater treatment.”

3.4.2. Round Robin Model Construction and Gap Analysis

The two inventories available combined with the two databases creates the four models
included in Table 28, and detailed in the supplemental “Slag Cement models” workbook
(Appendix B).

Table 28 Models developed for slag cement.

Model Inventory Database
GGBFS#3 Commercial Public
GGBFS #4 Commercial Commercial

GGBFS #5 Representative Public
GGBFS #6 Representative Commercial

3.4.3. Modeling Results

In the subsections below, the GWP results of the models developed in Section 3.4.2 are
presented organized by source inventory. The contribution of the identified data gaps as a
percentage of the GWP of the model built with commercial datasets are also included.

3.4.3.1. Models based on the commercial inventory

When using the commercial inventory, the GWP of GGBFS#4 (built using the commercial
database) is 12 % higher than that of GGBFS#3—Figure 20. The main driver behind this
difference are the data gaps identified in Table 29, namely “blast furnace slag” and to a lesser
extent “cement factory,” which contributed 14.0 % and 3.47 % to the GWP of GGBFS#4,
respectively. In addition, the higher impact of natural gas delivery in GGBFS#4 also contributed
to this difference, as it is 69 % more GHG intensive for the commercial database than for the
public database. The emissions from natural gas and fuel oil combustion are identical for both
models and included as “direct” emissions. The difference from these flows is partially offset by
higher emissions from electricity production in GGBFS#3, which are 18 % higher than GGBFS#4.
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Figure 20 Global warming potential of 1 kg of slag cement according to the commercial inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 29 Data gaps based on the commercial inventory for slag cement, and their contribution to GWP when the
model is built using ecoinvent processes.

Contribution [%] Process

14.00 market for blast furnace slag | blast furnace slag | Cutoff, U - US
3.47 market for cement factory | cement factory | Cutoff, U - GLO
0.20 market for air filter, central unit, 600 m3/h | air filter, central unit, 600 m3/h |

Cutoff, U - GLO
market for wastewater from ground granulated blast furnace slag production |

0.08 wastewater from ground granulated blast furnace slag production | Cutoff, U - US
0.02 market for inert waste | inert waste | Cutoff, U - RoW
>0.01 market for solvent, organic | solvent, organic | Cutoff, U - GLO

As mentioned in Section 3.4, (iron) blast furnace slag should only include impacts related to
transport and treatment. The treatment itself is the process represented by both GGBFS
models, and ecoinvent’s “market for blast furnace slag | blast furnace slag | Cutoff, U - US” only
includes a 77 km (47.85 mi) truck transport activity. Because this distance in ecoinvent is a
generic default assumptions, it remains (nominally) a data gap since it may not be
representative of blast furnace slag transportation in the US.

3.4.3.2. Models based on the representative inventory

For the representative inventory, using the commercial database leads the GWP for slag
cement to be 22.5 % higher than when using the public database, as seen in Figure 21. One of
the main drivers of this difference is the largest public data gap, “blast furnace slag,” whose
production is responsible for 9.66 % of the potential GHG emissions of GGBFS#6—Table 30.
Another reason for the disparity is land transport, for which between 2.3 and 3.2 times higher
emissions are generated from these three processes in GGBFS#6 than in GGBFS#5. The gap
between both models would have been larger had the emissions from electricity and ship
transport not been higher in USLCI than in ecoinvent—18 % and 79 % higher, respectively. As
seen on Table 30, the contribution of the data gaps to GGBFS#6 other than “blast furnace slag”
are approximately 0.15 %.
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Figure 21 Global warming potential of 1 kg of slag cement according to the representative inventory. Only
processes contributing >1 % to the GWP of at least one scenario are shown.

Table 30 Data gaps based on the representative inventory for slag cement, and their contribution to GWP when
the model is built using ecoinvent processes.

Contribution [%] Process

9.66 market for blast furnace slag | blast furnace slag | Cutoff, U - US

0.14 market for air filter, central unit, 600 m3/h | air filter, central unit, 600 m3/h | Cutoff, U -
GLO

0.01 treatment of inert waste, sanitary landfill | inert waste | Cutoff, U - RoW

0.00 market for solvent, organic | solvent, organic | Cutoff, U - GLO

3.4.4. Summary

This section summarizes the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis for slag
cement.

3.4.4.1. Gap Analysis Results

Both inventories are based on the same source, which makes it reasonable to expect a
significant overlap between their results. Blast furnace slag, the main raw material for
production of GGBFS, is an important public data gap that needs to be addressed. Otherwise,
there is a risk of underestimating the carbon footprint of GGBFS. There are also discrepancies
between both inventories. ecoinvent includes both the infrastructure (3.47 %) and wastewater
treatment (0.08 %) that are not available in the public data.

Table 31 Priority gaps in GWP for slag cement production

Rank Flow GWP (%) Inventory

1 Blast furnace slag 14.00/9.66 Commercial/representative
2 Factory 3.4 Commerecial

3 Air filter 0.20/0.14  Commercial/representative
4 Wastewater treatment 0.08 Commercial

5 Inter waste landfill 0.02/0.01 Commercial/representative
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3.4.4.2. Other findings

Although both the commercial and reference inventories share a common source, the
differences in the GWP of their models are not insignificant. Models based on the
representative inventory—GGBFS#5 and GGBFS#6—have 32 % and 45 % higher GWP than
those based on the commercial inventory—GGBFS#3 and GGBFS#4, respectively. One reason is
transport activities, which are responsible for 21 % and 24 % of GGBFS#5 and GGBFS#6,
respectively. This is due to three factors. First, transport of the finished slag cement is not

included in the commercial model (it is part of the market process for GGBFS). Second, the

providers of the different material in the commercial inventory are market processes and,
therefore, transport activities are not provided at the level at which this assessment is

performed. Finally, there is a limitation on how the representative inventory was implemented
in GGBFS#5 and GGBFS #6—see Figure 22 and Section 3.4.4.3 below.
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Figure 22 Structure of the commercial and reference inventories, focusing on how transport is implemented

Another contributing factor is the different approach taken to model combustion processes.
The SCA report did not include direct emissions for combustion of fuel oil or natural gas and,
thus, GGBFS#5 and GGBFS#6 were modeled using processes that include the combustion of

these fuels. Contrarily, the commercial database opted for using an additional source to
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guantify direct GHG emissions from combustion and use processes that deliver fossil fuels, but
do not burn the fuels. Due to these modeling differences, the impact of fuel production and
combustion in GGBFS#5 and GGBFS#6 are 15 % and 46 % higher than that of GGBFS#3 and
GGBFS#4, respectively. While none of these approaches is technically incorrect, it is argued in
Section 3.3.4.3 that combining different data sources to collect an inventory can increase the
uncertainty of the resulting models. In the case of slag cement, the commercial model adds
elements not present in the initial inventory— “factory” and “wastewater” treatment—which
can be seen as complementary because the original source did not include them. However, the
benefits of combining two sources to model a related outcome—combustion of fossil fuels—
are perhaps less evident.

Finally, the GWP of the industry-average EPD (0.172 kg CO: eq./kg slag cement) [60]—is
significantly higher than any of the modeling results presented in this study (between 1.38 and
2.24 times higher). This variability highlights the need for an updated representative inventory.
While it is reasonable to assume “blast furnace slag” is likely a public data gap worth filling,
other data gaps identified here may be less relevant. More importantly, this large difference
indicates there may be data gaps in the production of slag cement that were not identified in
this analysis.

3.4.4.3. Limitations

Two limitations have already been discussed: mixing data sources identified in the commercial
inventory and the difference in GWP results between the models presented in this study and
the industry-wide EPD. One additional limitation is that while the SCA report identified material
and energy flows needed for the production of slag cement, the same cannot be said regarding
transport processes. These are described as the fraction of materials transported through
certain modes (e.g., 21 % truck) and an average distance for that material and mode (e.g.,
ancillary materials, truck, 30 miles) as shown in Table 32. There are, nevertheless, modes and
distances not reported. Rather than leaving these modes and distances blank, truck was chosen
as the default mode of transport and the same distance as the other modes in the same
material was used as the default distance. For example, the “not reported” transport for slag
cement to distribution terminal was assumed to be a truck traveling the weighted average of
the distances covered by truck, rail, and barge. This approach is meant to prevent
underestimating the contribution of transport but estimates higher impacts relative to models
based on the commercial inventory. However, considering the high GWP of the industry
average EPD, it is possible that the commercial model is already underestimating these impacts.
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Table 32 Transportation for slag cement production, according to [61]

Material and mode of transported (sic) Material transported Average distance, mile

Iron blast furnace slag to granulators

Rail 36.4 % 3

Mode not specified 63.6 % Not reported

Granulated slag to grinding facility

Truck 54.2 % 53

Ship 21.0% 5000

Mode not specified 24.8 % Not reported

Slag cement to distribution terminal

Truck 6.9 % 70

Rail 29.4 % 170

Barge 40.2 % 180

Mode not specified 23.5% Not reported

Ancillary materials

Truck (solids) 9.2% 30

Mode not specified (solids) 90.8 % 10

Truck (liquids), gallon 25.4% Not reported

Mode not specified (liquid), gallon 74.6 % Not reported

Purchased fuels

Truck (liquid fuels), gallon 21.7 % Not reported

Mode not specified (liquid fuels), gallon 78.3 % Not reported

Pipeline (natural gas), standard ft3 22.8% Not reported

Mode not specified (natural gas), standard ft3 ~ 77.2 % Not reported
3.5. Aggregates

Although not very carbon dense, aggregates are the largest constituent of most concretes, and
as shown in Section 3.2, a non-negligible source of GWP. In North America, there is a PCR for
construction aggregates [62], which prescribes several datasets from USLCI, mostly related to
transport and fuel combustion, and includes several impact factors for processes not currently
included in USLCI (manganese steel and explosives, among others).

3.5.1. Identify Available Inventories

As mentioned in Section 3.2, there is no inventory for any kind of aggregate in USLCI. The
commercial database includes inventories for three kinds of aggregate: sand, round gravel, and
crushed gravel. The first two inventories, “gravel and sand quarry operation | sand | Cutoff, U -
CH” and “gravel and sand quarry operation | gravel, round | Cutoff, U - CH” are effectively the
same LCI with different outputs. Thus, only one was used to model both kinds of natural
aggregates. In addition, both the quarry operation and the “gravel production, crushed | gravel,
crushed | Cutoff, U - CH” inventories were slightly adapted for US production, substituting the
Swiss electricity mix with the US electricity mix. The Natural Stone, Sand, and Gravel Association
(NSSGA) has published an industry wide EPD whose associated LCA contains sufficient
information to be used as representative inventories for natural aggregates, mined with and
without explosives [63]. The inventory for crushed aggregates is taken from a Swiss report,
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which was also the basis of the ecoinvent inventory, due to lack of more representative data
[47].

Nine data gaps were identified in the commercial inventories. Five were related to capital
goods, two are waste treatment processes, and the other two are auxiliary materials (rubber
and water). These last two were also identified in the representative inventory, together with
other waste treatment processes, polyacrylamide, and explosives.

3.5.2. Round Robin Model Construction and Gap Analysis

The five inventories available combined with the two datasets creates the ten inventories
included in Table 33, and detailed in the supplemental “Aggregate models” workbook
(Appendix B).

Table 33 Models developed for aggregates.

Model Inventory Database Notes

NATURAL#3 Commercial Public For both Sand and coarse gravel
NATURAL#4 Commercial Commercial For both Sand and coarse gravel
CRUSHED#3 Commercial Public Crushed gravel

CRUSHED#4 Commercial Commercial Crushed gravel

w/o EXPLOSIVES#5 Representative Public
w/o EXPLOSIVES #6 Representative Commercial
w/EXPLOSIVES#5 Representative  Public
w/EXPLOSIVES #6 Representative Commercial
CRUSHED#5 Representative  Public
CRUSHED#6 Representative Commercial

3.5.3. Modeling Results

In the subsections below, we present the GWP of the models developed in Section 3.5.2
organized by their source inventory. We also included the contribution of the identified data
gaps as a percentage of the GWP of the model built with commercial datasets.

3.5.3.1. Models bases on the commercial inventory

Figure 23 shows the impact of both natural and crushed aggregates based on the commercial
inventory. Crushed aggregates have a higher impact than natural aggregates, between 16 %
and 42 % greater. Models built using commercial datasets—NATURAL#4 and CRUSHED#4—
have a larger GWP than their counterparts built with public datasets—NATURAL#3 and
CRUSHED#3—16 % and 42 % higher, respectively. Although electricity use and diesel
combustion are the largest contributors to all models, differences between models are driven
by the data gaps shown in Table 34. The nine processes identified are responsible for 15.49 % of
the impact of NATURAL#4 and 34.34 % for CRUSHED#4. The reason, as shown in Figure 23, is
that the contribution of the “building” process to the CRUSHED#4 model is 5.66 times greater
than the contribution of this process to NATURAL#4. There is no additional information in the
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dataset that might explain the difference. However, a possible explanation is that unlike
quarrying, most activities related to crushing occur within facilities.

0 0.001 0.002 0.003 0.004 0.005 0.006
kg CO, eq./kg aggregates (Ib CO, eq./Ib)

M Electricity B Diesel M Heavyfuel M Building B Quarry infrastructure B Conveyor Belt M Steel Gasoline Other

Figure 23 Global warming potential of 1 kg of aggregates according to the commercial inventory. Only processes
contributing >1 % to the GWP of that model are shown individually.

Table 34 Data gaps based on the representative inventory for aggregates, and their contribution to GWP when
the model is built using ecoinvent processes. The first contribution corresponds to the value for natural
aggregates (sand and gravel), and the second for crushed gravel.

Contribution [%] Process

5.82/23.3 building construction, hall, steel construction | building, hall, steel construction | Cutoff, U
- RoW

4.23/2.97 gravel/sand quarry construction | gravel/sand quarry infrastructure | Cutoff, U - RoW

3.76/2.64 market for conveyor belt | conveyor belt | Cutoff, U - GLO

0.81/4.84 market for industrial machine, heavy, unspecified | industrial machine, heavy, unspecified
| Cutoff, U - RoW

0.35/0.29 market for tap water | tap water | Cutoff, U - RoW

0.18/0.25 market for synthetic rubber | synthetic rubber | Cutoff, U - GLO

0.17/0.0177 recultivation, limestone mine | recultivation, limestone mine | Cutoff, U - RoW

0.0879/0.0459 market for municipal solid waste | municipal solid waste | Cutoff, U - RowW

0.0853/0.0177 clinker production | waste mineral oil | Cutoff, U - RoW

3.5.3.2. Models based on the representative inventory

Figure 24 shows the impact for natural aggregates, mined with and without explosives, and
crushed aggregates. As in Section3.5.3.1crushed aggregates have a higher GWP than natural
aggregates, but the differences are larger in this case, as CRUSHED#5 has 2.44 times higher
GWP than wo EXPLOSIVES#5. These differences are mainly driven by the additional need of
electricity to run the crushers, with electricity in the USLCI having an 18 % higher GWP value
than the electricity in ecoinvent.

Natural aggregates quarried with explosives have significantly higher impacts that those
qguarried without explosives (65 % higher when comparing wo EXPLOSIVES #6 and w
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EXPLOSIVES#6). Explosives are responsible for 25.10 % of the GWP of EXPLOSIVES#6 (Table 35),
but the larger electricity requirement—48 % higher—also increases the impact of the wo
EXPLOSIVES models. Other data gaps, specifically “tap water” and the flocculant
“polyacrylamide,” have small yet non-negligible contributions to the GWP of aggregates.

CRUSHED#6

CRUSHED#5

w EXPLOSIVES#6

w EXPLOSIVES#5

wo EXPLOSIVES#6

wo EXPLOSIVES#5

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009
kg CO, eq./kg aggregates (Ib CO, eq./Ib)
M Electricity M Diesel M Heavyfuel M Steel Gasoline HTap water M Polyacrylamide Explosive Other

Figure 24 Global warming potential of 1 kg of aggregates according to the representative inventory. Only
processes contributing >1 % to the GWP of that model are shown individually.

Table 35 Data gaps based on the representative inventory for aggregates, and their contribution to GWP when
the model is built using ecoinvent processes. The first contribution corresponds to natural aggregates, mined
without explosives, the second one to natural aggregates, mined with explosive, and the third one to crushed

aggregates.

Contribution [%] Process

0.00/25.10/0.00 explosive production, tovex | explosive, tovex | Cutoff, U - Row

5.34/3.22/0.21 market for tap water | tap water | Cutoff, U - RoW

2.22/1.34/0.00 market for polyacrylamide | polyacrylamide | Cutoff, U - GLO

0.00/0.00/0.21 market for hazardous waste, for incineration | hazardous waste, for incineration | Cutoff,
U - RoW

0.00/0.00/0.11 market for synthetic rubber | synthetic rubber | Cutoff, U - GLO

3.5.4. Summary

In this section, we summarize the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis for
aggregates.
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3.5.4.1. Gap Analysis Results

Table 36 introduces the main data gaps identified through this analysis. The commercial
inventory highlighted the contribution of capital goods, which has already been observed in
other inventories, but is particularly significant for aggregates, especially the “building” for
crushed aggregates. This might be because the overall impact of aggregates is small, less than
0.008 kg CO; eq./kg of aggregate, when compared with other materials in this study, such as
cement (0.8 kg CO2 eq./kg to 1.1 kg CO2 eq./kg). The same might be said about tap water, a gap
appearing in all aggregate inventories as well as in the analysis of other materials in this study,
but not in the priority list. Finally, the largest gap identified for aggregates, “explosives,” was
identified with a similar relative contribution in the assessment of limestone quarry in Section
3.1, corroborating explosives is an important source of impact for those mining operations
where they are used.

Table 36 Priority gaps in GWP for aggregate production

Rank Flow GWP (%) Inventory
1 Explosives 25.1 Representative, natural aggregates with
explosives
2 Building 23.3/5.82 Commercial (both)
3 Tap water 5.34/3.22/0.21 All
0.35/0.29
4 Industrial machinery 0.81/4.84 Commercial (both)
5 Quarry infrastructure 4.23/2.97 Commercial (both)

3.5.4.2. Other findings

There were no additional findings as a result of this data gap analysis.

3.5.4.3. Limitations

No particular limitations were detected while conducting this data gap analysis.

3.6. Gypsum

Gypsum was identified as a data gap both for OPC and LC3—Section 3.1 and Section 3.3,
respectively—although with little relevance in terms of GWP. Although not identified as a
priority material by the EPA, gypsum board is a common construction material for which there
exists a PCR [64] and industry wide EPD [65].

3.6.1. Identify Available Inventories

USLCI includes two inventories for gypsum wallboard: 1/2 in (12.7 mm) Regular, and 5/8 in
(15.9 mm) Type X. These inventories are based on an LCA ASMI developed for the Gypsum
Association [66], and was representative of US production in 2010. These are system models,
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and therefore unsuitable for proper data gap analysis. Nevertheless, the 1/2 in (12.7 mm) board
was modeled to offer a reference point in the sections below.

The updated version of ASMI’s LCA, [67], is the basis for the industry wide EPD [65] mentioned
above. Because differences between both boards are more quantitative than qualitative, only
the LCl for %2 in (12.7 mm) board was used here as representative inventory. This inventory is
broken into three smaller inventories: natural gypsum ore extraction, gypsum paper
production, and gypsum plaster production, as show in Figure 25. The data gap assessment is
performed at all three levels.
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Figure 25 Production process of gypsum board, according to [67]. Note that only processes and flows relevant
to the data gap analysis are presented in the figures.

ecoinvent 3.10 also includes two inventories for gypsum board, fiberboard and plasterboard
production, for two geographies, Switzerland and the Rest of the World (RoW). Plasterboard
was selected as a better representative of the indoor applications of gypsum and subsequently
used as the commercial inventory. The Swiss inventory was modified to better reflect US
production by substituting Swiss electricity with US electricity, and Swiss heat with Quebecoise
heat. The same changes were implemented for the production of stucco, the main material
component of gypsum board according to ecoinvent—Figure 26. The electricity was also
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switched for the gypsum quarry operation, which is the source of the raw material for stucco
production, and equivalent to the “gypsum ore extraction” in the representative model. The
market for stucco was modified for all the stucco used in plasterboard production to be
produced in the US while the market for gypsum was modified to better reflect US market
shares. According to [67], 34.41 % of the natural gypsum ore used in the US for the production
of plasterboard is of domestic origin, while the remaining 65.59 % comes from Spain and
Mexico, for which the RoW quarry was kept.
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Figure 26 Gypsum plasterboard production, according to ecoinvent.

3.6.2. Round Robin Model Construction and Gap Analysis

As mentioned in the section above, because public inventories are based on system models
rather than process models, only the initial model can be run and cannot be modified to create
other models. This results in having the six models detailed in Table 37. Detailed information on
each model can be found in the “Gypsum models” workbook (Appendix B).

Table 37 Models developed for gypsum board.

Model Inventory Database
GYPSUMBOARD#1 Public Public
GYPSUMBOARD#3 Commercial Public
GYPSUMBOARD#4 Commercial Commercial
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Model

GYPSUMBOARD#5
GYPSUMBOARD#6
GYPSUMBOARD#7

Database
Public
Commercial
Representative

Inventory

Representative
Representative
Representative

At this level, seven data gaps were identified using the commercial inventory: the surfactant
“linear alkylbenzene sulfonate,” “silicone,” “starch,” “tap water,” “corrugated board box,” the
infrastructure flow “wooden board factory,” and “stucco”. Despite the stucco being a gap, it
was modeled using public datasets to be able to link GYPSUMBOARD#3 with GYSUMORE#3—
see below. The representative inventory included 21 data gaps. To the tap water and starch
already identified, it added “acrylic filler,” “boric acid,” generic “inorganic chemicals,” the
hydraulic fluid “ethylene glycol monoethyl ether (EGEE),” “ethylene oxide,” “glucose,”
“glycine,” “isopropanol,” “polyurethane adhesive” —used as proxy for edge paste, and as
adhesive— two kinds of “ink,” reclaimed water—modeled as “rainwater harvest” —"wire
drawing,” and five waste treatment processes, including wastewater.

n u ” u

s

I’Il “

In addition to gypsum board, the models for gypsum ore and gypsum paper were developed as
presented in Table 38.

Table 38 Models developed for gypsum ore and gypsum paper.

Model Inventory Database
GYSUMORE#3 Commercial Public
GYSUMORE#4 Commercial Commercial
GYSUMORE#5 Representative Public
GYSUMORE#6 Representative Commercial
GYPSUMORE#7 Representative Representative
FACINGPAPER#5 Representative  Public
FACINGPAPER#6 Representative Commercial
FACINGPAPER#7 Representative Representative
BACKINGPAPER#5  Representative Public
BACKINGPAPER#6 Representative Commercial

BACKINGPAPER#7

Representative

Representative

Regarding gypsum ore, the commercial inventory included five gaps already found in other
mining activities: “blasting,” and the capital goods “conveyor belt,” “heavy industrial machine,”
“limestone quarry infrastructure,” and “recultivation”. The representative inventory also
contained “blasting” in addition to other already identified gaps (tap water, reclaimed water,
and hydraulic fluid).

Facing paper included 16 data gaps. With the exception of “treatment of waste paper” used to
model mixed recovered paper, these same gaps can also be found in backing paper. These
include “acrylic binder”—used as proxy for polymer emulsifier—the sizing agent “alkylketene
dimer,” generic “inorganic chemical,” hydraulic fluid, “starch,” “polyacrylamide” —used as proxy
for both retention aid and for chemicals used for on-site wastewater treatment—"synthetic
rubber,” “tap water,” “waste paperboard”—as an input, proxy for old corrugated container,

n u
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and double-lined kraft corrugated cuttings—"wire drawing,” and five waste treatment
processes, including wastewater treatment.

Finally, as shown in Figure 25, ball mill accelerator is another input for gypsum board
production. According to [68], it is a process with only three inputs. Due to its simplicity, only
the two models shown in Table 39 were developed and a gap analysis was not conducted at this
level.

Table 39 Models developed for ball mill accelerator.

Model Inventory Database
ACCELERATOR#5 Representative  Public
ACCELERATOR#6 Representative Commercial

The database used in [67], and therefore considered the representative database in all gypsum-
related #7 models (GYPSUMBOARD#7, GYSUMORE#7, FACINGPAPER#7, and
BACKINGPAPER#7), combines USLCI with ecoinvent 3.5. ecoinvent 3.10 has been used in place
of ecoinvent 3.5 for the sake of consistency for the remainder of this study with one exception.
The provider for natural gas combustion “Heat, district or industrial, natural gas {US}| market
for heat, district or industrial, natural gas | Cut-off, U” was available in ecoinvent 3.5 but not in
ecoinvent 3.10., likely because not all processes included that constitute the market in
ecoinvent 3.5 are available in ecoinvent 3.10. To include this process, its ecoinvent 3.5 version
was run and its GWP included in a dummy process with the same name, which was
subsequently used as a provider in this assessment.

One other aspect in which GYPSUMBOARD#6 and GYPSUMBOARD#7 differ is that while
GYPSUMBOARD#7 uses the process mentioned in [67], some alternative choices were made to
the former for the purpose of more precise modeling. For example: “waste paperboard” was
used instead of “waste paper” for corrugated carboard waste, and specific chemicals have been
used whenever possible instead of the generic organic and inorganic chemical. Additional
information can be found in the “Gypsum” spreadsheet.

3.6.3. Modeling Results

In the subsections below, we present the GWP of the models developed in Section 3.6.2 by
their source inventory. We also included the contribution of the identified data gaps as a
percentage of the GWP of the model built with commercial datasets.

3.6.3.1. Models based on the public inventory

As mentioned in Section 3.6.1, the system model included in USLCI cannot be used for data gap
identification or quantification. Nevertheless, GYPSUMBOARD#1 was run and, for reference,
had a GWP of 2.59 kg CO; eq./m? (0.53 lb/ft?).
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3.6.3.2. Models based on the commercial inventory

The differences caused by using different databases for the modeling of natural gypsum
production are relatively small, with the GWP of GYSUMORE#4 being 18 % higher than that of
GYSUMORE#3—Figure 27. For both models, the two main sources of impact are diesel
combustion and electricity generation. Because the GWP of natural gas combustion is 5 %
higher in ecoinvent—and therefore in model GYSUMORE#4—while electricity production
generates 18 % higher GHGs in USLCl—and thus in GYSUMORE#3—the combined impact of
these two sources is roughly equivalent for both models (within 1 %). Thus, the main difference
between models resides in the data gaps presented in Table 42, particularly blasting
(explosives), which is responsible for 13.3 % of model GYSUMORE#4’s GWP. The remaining four
data gaps contribute 2.36 % to the GWP of model #4.

GYPSUM ORE#3

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
kg CO, eq./kg gypsum (Ib CO, eq./Ib)

M Diesel W Electricity ®m Explosive B LFP B Heavy oil B Hydraulic fluid B Lubricating oil ® Waste treatmetn (mineral oil) ® Other

Figure 27 Global warming potential of 1 kg of gypsum ore according to the commercial inventory. Only processes
contributing >1 % to the GWP of that model are shown individually.

Table 40 Data gaps based on the commercial inventory for gypsum ore, and their contribution to GWP when the
model is built using ecoinvent processes.

Contribution [%] Process

13.3 blasting | blasting | Cutoff, U - RER

0.79 limestone quarry construction | limestone quarry infrastructure | Cutoff, U - CH

0.58 market for conveyor belt | conveyor belt | Cutoff, U - GLO

0.52 recultivation, limestone mine | recultivation, limestone mine | Cutoff, U - CH

0.47 market for industrial machine, heavy, unspecified | industrial machine, heavy, unspecified

| Cutoff, U - RER

The effect of selecting a database is more significant for production of gypsum board. The GWP
of model GYPSUMBOARD#4 is 26 % higher than that of GYPSUMBOARD#3. Figure 28 shows this
difference is driven mostly by missing flows, namely cardboard and starch, which are
responsible for 22.40 % and 1.59 % of the GHG emissions from GYPSUMBOARD#4,
respectively—Table 42. The largest gap in GWP terms is stucco production (22.50 %), which
does not appear as a gap in Figure 28 because an adapted version of stucco production using
the public database was developed for GYPSUMORE#3 and used here. Had a model not been
built, the GWP of GYPSUMBOARD#3 would have been only 0.19 kg CO; eq./kg, 44.22 % lower
than that of GYPSUMBOARD#3. Finally, it should be mentioned gypsum quarry operation,
which is part of stucco, only causes 2.91 % of the GWP of gypsum board.
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Figure 28 Global warming potential of 1 kg of gypsum board according to the commercial inventory. Only
processes contributing >1 % to the GWP of that model are shown individually.

Table 41 Data gaps based on the commercial inventory for gypsum board, and their contribution to GWP when
the model is built using ecoinvent processes.

Contribution [%] Process

22.50 market for stucco | stucco | Cutoff, U (US alternative) - GLO

22.40 market for corrugated board box | corrugated board box | Cutoff, U - RER

1.59 market for potato starch | potato starch | Cutoff, U - GLO

0.44 wooden board factory construction, organic bonded boards | wooden board factory,
organic bonded boards | Cutoff, U - RER

0.13 market for silicone product | silicone product | Cutoff, U - RER

3.6.3.3. Models based on the representative inventory

The gypsum ore extraction is 2.8 to 3.3 times higher for models based on the representative
inventory—shown in Figure 29—than the equivalent model based on the commercial inventory
from Figure 27. This is mainly driven by the larger diesel consumption—0.052 MJ/kg gypsum
versus 0.018 MJ/kg (22.34 BTU/Ib versus 7.73 BTU/Ib). In the case of the models built using the
commercial database, larger use of explosives— 2.80E-04 kg/kg versus 7.73E-05 kg/kg—was an
additional driver.

Despite the differences in absolute terms between models based on different inventories,
diesel and electricity are the main sources of GWP for the gypsum ore models shown in Figure
29. Variation between models based on the representative inventory are partially driven by
data gaps (Table 42) that are responsible for 22.92 % of GYSUMORE#6’s GWP. As for the
models based on the commercial inventory, blasting is the main data gap, but the hydraulic
fluid EGEE is also an important source of GHG emissions. Modeling choices also play a role if
explaining the results of Figure 29. EGGE, whose GWP is 3.45 kg CO; eq./l (2.00 Ib/gal), was
selected as hydraulic fluid for GYSUMORE#6 based on previous models of this assessment.
However, ASMI’s LCA [67] uses lubricating oil as a proxy for these and other fuels, whose GWP
is only of 1.53 kg CO; eq./l (12.76 Ib/gal), is included in GYSUMORE#7. These differences can be
seen in Figure 29, where the contribution of hydraulic fluid plus lubricant oil in model #6 is 1.65
times larger than that of lubricant alone in GYSUMORE#7.
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Figure 29 Global warming potential of 1 kg of gypsum ore according to the representative inventory. Only
processes contributing >1 % to the GWP of that model are shown individually.

Table 42 Data gaps based on the representative inventory for aggregates, and their contribution to GWP when
the model is built using ecoinvent processes. The first contribution corresponds to the value for natural
aggregates (sand and gravel), and the second for crushed gravel.

Contribution [%] Process

15.1 blasting | blasting | Cutoff, U - RoW

5.7 ethylene glycol monoethyl ether production | ethylene glycol monoethyl ether | Cutoff, U -
RoW

0.98 treatment of waste mineral oil, hazardous waste incineration | waste mineral oil | Cutoff,
U - RoW

0.92 treatment of municipal solid waste, sanitary landfill | municipal solid waste | Cutoff, U -
RoW

0.22 tap water production, underground water without treatment | tap water | Cutoff, U - RoW

0.0015 rainwater harvesting | water, harvested from rainwater | Cutoff, U - GLO

Figure 30 shows the GWP of facing paper is between 13.68 % and 14.62 % higher than the
equivalent backing paper. Most of these differences are quantitative. For example, facing paper
requires more natural gas and electricity, the two main sources of GWP in both cases and for all
models. Nevertheless, there are also qualitative differences, because facing paper requires
mixed paper—modeled as “treatment of waste paper”—one of the data gaps presented in
Table 43. This difference also explains the higher contribution of waste paperboard in backing
paper. In Figure 30, both treatments are included under “waste paper and paperboard.”

As shown in Table 43, the contribution of data gaps is significant, 31.10 % and 32.67 % to
FACING #6 and BACKING #6, respectively. In Figure 30, the relevance of these data gaps might
seem smaller than in reality because the differences between those two models and FACING #5
and BACKING #5 is smaller than that—17.86 % and 18.14 %, respectively—due to the higher
GWP of natural gas and electricity in the public database—39.03 % and 18.50% respectively.

The different modeling choices made for FACING/BACKINGPAPER#6 and
FACING/BACKINGPAPER#7 can easily be observed in Figure 30, with the former slightly higher
than the latter—13.71 % to 14.62 %. This is due to the lower GWP of USLCI’s truck transport
(25.54 % and 34.26 % lower for short and long haul, respectively), lower impact of waste paper
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treatment when compared to paperboard treatment (39.46 % lower), higher impact of
“alkylketene dimer sizing agent” over the generic chemicals (2.01 to 2.97 times greater), and,
most important of all, the inclusion of municipal solid waste treatment, which is quantified in
the inventory of [67] without any indication of which process to use.

— |

0 0.05 0.1 0.15 0.2 0.25
kg CO, eq./m? gypsym paper
W Natural Gas M Electricity B Truck transport
B Waste paper and paperboard B Sludge from pulp and paper B MSW
M Sizing agent Organic chemical Inorganic chemical
B Gypsum W Starch m Other

Figure 30 Global warming potential of 1 m? of gypsum paper according to the representative inventory. Only
processes contributing >1 % to the GWP of that model are shown individually. For the results in Ib/ft?, multiply
by 2.048*10%,
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Table 43 Data gaps based on the representative inventory for gypsum paper, and their contribution to GWP
when the model is built using ecoinvent processes. The first contribution corresponds to facing paper the second
one to backing paper.

Contribution [%)] Process

11.6/15.00 treatment of waste paperboard, unsorted, sorting | waste paperboard, sorted | Cutoff, U -
RoW

6.13/6.06 treatment of sludge from pulp and paper production, sanitary landfill | sludge from pulp
and paper production | Cutoff, U - RoW

5.07/4.99 treatment of municipal solid waste, sanitary landfill | municipal solid waste | Cutoff, U -
RoW

3.34/3.30 alkylketene dimer sizing agent production, for paper production | alkylketene dimer sizing
agent, for paper production | Cutoff, U - RowW

2.59/0.00 treatment of waste paper, unsorted, sorting | waste paper, sorted | Cutoff, U - RoW

0.63/0.63 polyacrylamide production | polyacrylamide | Cutoff, U - GLO

0.48/0.47 tap water production, conventional treatment | tap water | Cutoff, U - RoW

0.41/0.40 treatment of wastewater, average, wastewater treatment | wastewater, average | Cutoff,
U - RoW

0.33/0.32 acrylic binder production, with water, in 54 % solution state | acrylic binder, with water, in
54 % solution state | Cutoff, U - RoW

0.32/0.31 chemical production, inorganic | chemical, inorganic | Cutoff, U - GLO

0.13/0.13 maize starch production | maize starch | Cutoff, U - RoW

0.0511/0.0487 synthetic rubber production | synthetic rubber | Cutoff, U - RoW

0.00843/0.00835 treatment of waste mineral oil, hazardous waste incineration | waste mineral oil | Cutoff,
U - RoW

0.00295/0.00294  wire drawing, steel | wire drawing, steel | Cutoff, U - RoW

0.00119/0.00122 treatment of municipal solid waste, municipal incineration | municipal solid waste | Cutoff,
U - RoW

0.00104/0.00103  ethylene glycol monoethyl ether production | ethylene glycol monoethyl ether | Cutoff, U -
RoW

Contrary to the gypsum paper above, Figure 31 shows GYPSUMBOARD#7 to be 15.74 % higher
than GYPSUMBOARD#6. The main reason is that, as mentioned in 3.6.2 for the representative
database, the GWP for natural gas was taken from the US market in ecoinvent 3.5. Its value is
only 4.06 % higher than that for USLCI, but 63.52 % higher than the RoW market from
ecoinvent 3.10 used in GYPSUMBOARD#6. This difference has consequences in the data gaps
included Table 44, whose contributions might have been smaller than 8.31 % had an updated
market for natural gas in the US been available in ecoinvent 3.10. Only two of the data gaps—
starch and ethylene oxide—are over the 1 % threshold, and therefore the only two visible in
Figure 31. The combined contribution of the remaining 19 data gaps is only of 2.43 %, shown in
the figure as part of “Others,” which also includes 19 other processes that are not data gaps,
but whose individual contribution is less than 1 %. Besides heat—as natural gas— and
electricity, paper— including facing, backing, and kraft paper—is a large source of impact, with
a combined impact of up to 29.93 % for GYPSUMBOARD#6.

As a side note, it is worth mentioning the combined impact gypsum ore production—domestic
and imported—is less than 1 % of the GWP of gypsum board. Nevertheless, natural gypsum is
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less than 33 % of all the gypsum used in the manufacturing of the board, as the remaining 67 %
is flue gas dust (FGD) synthetic gypsum. Currently, it is considered a waste, but the
environmental profile of gypsum board will likely be affected if it becomes a coproduct in the
future. Because the production of FGD gypsum is a different process than natural gypsum
extraction, the roughly 3 % contribution to GWP obtained above with the commercial inventory
cannot not be seen as a proper upper bound. Nevertheless, it might be considered as a
reference value for how much the GWP of gypsum board might increase in the future.

o Il =n
2

0 0.5 1 1.5 2.5
kg CO, eq./m? gypsum board
MW Natural gas M Electricity Facing paper Kraft paper M Backing paper Truck
Ethylene oxide M Starch W AIK(SO4)2 Train B Organic chemical m Other

Figure 31 Global warming potential of 1 m? of gypsum board according to the representative inventory. Only
processes contributing >1 % to the GWP of that model are shown individually. For the results in Ib/ft2, multiply
by 2.048*10,

Table 44 Data gaps based on the representative inventory for gypsum board, and their contribution to GWP
when the model is built using ecoinvent processes.

Contribution [%] Process

2.98 maize starch production | maize starch | Cutoff, U - RoW

2.87 ethylene oxide production, ethylene oxidation | ethylene oxide | Cutoff, U - RowW

0.88 glycine production | glycine | Cutoff, U - RoW

0.74 polyurethane adhesive production | polyurethane adhesive | Cutoff, U - GLO

0.32 glucose production | glucose | Cutoff, U - RoW

0.28 boric acid production, anhydrous, powder | boric acid, anhydrous, powder | Cutoff, U -
RoW

0.12 tap water production, conventional treatment | tap water | Cutoff, U - RoW

0.056 chemical production, inorganic | chemical, inorganic | Cutoff, U - GLO

0.0244 acrylic filler production | acrylic filler | Cutoff, U - RoW

0.00984 market for printing ink, rotogravure, without solvent, in 55 % toluene solution state |
printing ink, rotogravure, without solvent, in 55 % toluene solution state | Cutoff, U - RoW

0.00911 treatment of waste mineral oil, hazardous waste incineration | waste mineral oil | Cutoff,
U - RoW

0.00664 ethylene glycol monoethyl ether production | ethylene glycol monoethyl ether | Cutoff, U -
RoW

0.006 market for wastewater, average | wastewater, average | Cutoff, U - RoW

0.00233 isopropanol production | isopropanol | Cutoff, U - RoW

0.00164 treatment of hazardous waste, hazardous waste incineration | hazardous waste, for

incineration | Cutoff, U - RoW
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Contribution [%] Process

0.00143 printing ink production, offset, product in 47.5 % solution state | printing ink, offset,
without solvent, in 47.5 % solution state | Cutoff, U - RowW

0.00107 treatment of wastewater, average, wastewater treatment | wastewater, average | Cutoff,
U - RoW

0.000895 rainwater harvesting | water, harvested from rainwater | Cutoff, U - GLO

0.000162 treatment of spent solvent mixture, hazardous waste incineration | spent solvent mixture |
Cutoff, U - RoW

0.0000766 treatment of sludge from pulp and paper production, sanitary landfill | sludge from pulp
and paper production | Cutoff, U - RoW

0.00000147 wire drawing, steel | wire drawing, steel | Cutoff, U - RoW

3.6.4. Summary

In this section, we summarize the results of the data gap analysis, any other findings of interest
identified through the analysis process, and limitations associated with the analysis for gypsum
board and its inputs.

3.6.4.1. Gap Analysis Results

The commercial model for gypsum board brought to the forefront the two largest data gaps,
stucco and cardboard—Table 45. Stucco does not appear in the representative inventory, but
the importance of other kinds of paper products can also be seen in Table 45. Similarly, the
treatment of waste paperboard—as an input—and of the sludges related to paper production
identified in the facing and backing papers representative inventories stress the importance
that paper production and waste treatment have for gypsum board production. As for other
mineral products, blasting—the use of explosives—is a significant source of GHG emissions.

Table 45 Priority gaps in GWP for gypsum board production

Rank Flow GWP (%) Inventory

1 Stucco 22.50 Commercial, board

2 Cardboard 22.40 Commercial, board

3 Treatment of waste paperboard 11.6/15.00  Representative, facing/backing paper

4 Blasting 15.10/13.30 Representative/commercial, ore

5 Treatment of sludge from pulp 6.13/6.06 Representative, facing/backing paper
and paper

3.6.4.2. Other findings

Figure 32 corroborates that although there are important differences depending on the
inventory and database used to model gypsum board, their GWP roughly falls around the 2 kg
CO; eq./m? (0.41 Ib/ft?). It is worth highlighting that the differences between the GWP of
GYPSUMBOARD#7, built using the representative inventory and database, and the industry
average, which is built using the same information, is only 2.1 %. Since the GWP of the industry
average is not broken into sources, it is not possible to identify what is driving these
differences. However, considering there is a significant amount of proprietary information
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regarding chemicals use, and therefore its GWP is not publicly known, these differences are
deemed to be small.

Industry average

GYPSUM

BOARD#7

oo TR N

BOARD#6

BOARD#5

BOARD#4

BOARD#3

BOARD#1

0 0.5 1 1.5 2 2.5 3
kg CO, eq./m? gypsum board

B Heat, not natural gas ® Natural gas M Stucco M Electricity H Cardboard
M Starch M Facing paper Kraft paper M Backing paper H AIK(SO4)2
m Truck M Ethylene oxide M Train B Organic chemical H Other

Figure 32 Global warming potential of 1 m? of gypsum board according to public, commercial, and
representative, and to the industry average inventory. Only processes contributing >1 % to the GWP of that
model are shown individually. For the results in Ib/ft?, multiply by 2.048*10.

3.6.4.3. Limitations

As mentioned in Section 3.6.3.3, the lack of a US market for natural gas in ecoinvent 3.10 might
have increased the relative relevance of the data gaps for the representative inventory of
gypsum board. However, the priority list in Table 45 would only be affected if the impact of
natural gas in this updated model were to be substantially lower than the RoW market in
ecoinvent 3.10.
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4. Summary, prioritization, and comparison to other gap assessments

4.1. Summary and potential prioritization criteria to fill out identified data gaps

In total, 123 data gaps from 25 models were used for quantification purposes in Section 3, all of which can be
found in the supplementary workbook “Gap summary” (Appendix B). This analysis is limited in scope. The
selected products and associated models cover a small fraction of processes in LCA databases and represent
exclusively construction materials with similar inputs. Given this limited scope, any data gap prioritization is
ultimately subjective. Two ways of ranking the importance of these gaps are presented: (1) relative contribution
to the GWP of the model and (2) number of models in which a process is included. Table 46 reports all data gaps
contributing more than 10 % to the GWP for at least one model. Max GWP indicates the largest contribution to
the GWP of a model. Model with Max GWP is the model in question, while # of model stands for the number of
models where this data gap was identified. Gaps in italics were also identified in the EPA data gap analysis [27]

Table 47 includes the gaps appearing in more than two models. The only gap included in both
tables is explosives, appearing three times as the material (explosive, tovex) and three times as
the blasting activity. Explosive, tovex is responsible for more than a quarter of the GWP of the
limestone quarry model #6. Other gaps with a larger share of the GWP of their respective
model are less pervasive (i.e., clinker production and clay pit construction) while gaps more
commonly identified (strictly speaking, only tap water appears more than explosives) have
lower GWP contribution.

Table 46 Data gaps contributing more than 10 % to the GWP of a model %,

Gap Max GWP (%) Model with Max GWP  # models
Clinker 96.5 OPC#4 1
Clay pit construction 61.9 CLAY#4 1
Explosive, tovex 29.6 QUARRY#6 3
Building construction, hall, steel construction 23.2 CRUSHED#4 2
Stucco 22.5 GYPSUMBOARD#4 1
Corrugated board box 22.4 GYPSUMBOARD#4 1
Blasting 15.1 GYPSUMORE#6 3
Sorting of waste paperboard 15 BACKING#6 2
Blast furnace slag 14 GGBFS#4 2
Calcined clay production 13.9 LC3#6 1

Max GWP indicates the largest contribution to the GWP of a model. Model with Max GWP is the model in
guestion, while # of model stands for the number of models where this data gap was identified. Gaps in italics
were also identified in the EPA data gap analysis [27]
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Table 47 Data gaps appearing in more than two models
Gap Max GWP Model with Max # models
(%) GWP

Tap water 5.34 wo EXPLOSIVES#6 13
Municipal solid waste, to sanitary landfill 5.07 FACING#6 5
Municipal solid waste 0.085 NATURAL#4 5
Ethylene glycol monoethyl ether 5.7 GYPSUMORE#6 4
Clay 5.53 CC#4 4
Sand 5.39 RMC#4 4
Waste mineral oil incineration 0.98 GYPSUMORE#6 4
Synthetic rubber 0.25 CRUSHED#4 4
Hazardous waste incineration 0.011 RMC#6 4
Explosive, tovex 29.6 QUARRY#6 3
Blasting 15.1 GYPSUMORE#6 3
Sludge from pulp and paper production, to sanitary landfill 6.13 FACING#6 3
Industrial machine, heavy, unspecified 4.834 CRUSHED#4 3
Conveyor belt 3.76 NATURAL#4 3
Cement factory 3.47 GGBFS#4 3
Maize starch 2.98 GYPSUMBOARD#6 3
Alkylbenzene sulfonate, linear, petrochemical 0.88 RMCH#4 3
Municipal solid waste incineration 0.73 CLINKER#6 3
Tap water production, conventional treatment 0.48 FACING#6 3
Wastewater treatment, average 0.41 FACING#6 3
Lime, hydrated, loose weight 0.39 CLINKER#4 3
Chemical, inorganic 0.32 FACING#6 3
Diethylene glycol 0.16 OPCH6 3
Gypsum, mineral 0.065 OPC#2 3
Refractory, high aluminum oxide, packed 0.044 OPC#2 3
Wire drawing, steel 0.003 FACING#6 3

Max GWP indicates the largest contribution to the GWP of a model. Model with Max GWP is the model in
question, while # of model stands for the number of models where this data gap was identified. Gaps in italics
were also identified in the EPA data gap analysis [27]

The differences in ranked data gaps between Table 46 and Max GWP indicates the largest contribution to the
GWP of a model. Model with Max GWP is the model in question, while # of model stands for the number of
models where this data gap was identified. Gaps in italics were also identified in the EPA data gap analysis [27]

Table 47 highlights a key difficulty in establishing the importance of data gaps. Even with using
a single impact category of interest (see Appendix C for an example of a data gap analysis with
multiple impact categories), some gaps are critical to only one model (e.g., clinker, clay pit,
stucco, corrugated board, calcined clay) while some gaps found in several models have
relatively low impacts (e.g., hazardous waste incineration). One option is to prioritize data gaps
by combining the ranking approaches, such as prioritizing data gaps appearing in more than one
model and contributing at least 1 % to the GWP in one of those models. A priority list with
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those constraints is presented in Table 48 although this approach does not explicitly mean the
higher ranked data gaps are more important.

Table 48. Data gaps identified in more than one model, and contributing more that 1% to the GWP of at least

one model
Process Max GWP (%) Model with Max # models
GWP

Explosive, tovex 29.6 QUARRY#6 3
Building construction, hall, steel construction 23.2 CRUSHED#4 2
Blasting 15.1 GYPSUMORE#6 3
Sorting of waste paperboard 15 BACKING#6 2
Blast furnace slag 14 GGBFS#4 2
Tap water 5.34 wo EXPLOSIVES#6 13
Municipal solid waste, to sanitary landfill 5.07 FACING#6 5
Ethylene glycol monoethyl ether 5.7 GYPSUMORE#6 4
Clay 5.53 CCH4 4
Sand 5.39 RMC#4 4
Sludge from pulp and paper production, to sanitary landfill 6.13 FACING#6 3
Industrial machine, heavy, unspecified 4.84 CRUSHED#4 3
Conveyor belt 3.76 NATURAL#4 3
Cement factory 3.47 GGBFS#4 3
Maize starch 2.98 GYPSUMBOARD#6 3

Max GWP indicates the largest contribution to the GWP of a model. Model with Max GWP is the model in
question, while # of model stands for the number of models where this data gap was identified. Gaps in italics
were also identified in the EPA data gap analysis [27]

Excluding explosives, the missing processes in Table 48 can be roughly classified into four
groups: capital goods, waste treatment, mineral commodities and related raw materials, and
chemicals and ancillary materials, as shown in Table 49. These groups can be seen as categories
of need of more public modeling. However, it is also necessary to acknowledge these groupings
are partially the result of two factors. First, the limited products selected for analysis and
commercial database selection because the construction materials evaluated use many of the
same mineral commodities as a key component of the products. Second, the commercial
database used (ecoinvent) includes the production capital goods, which are often excluded
from LCAs and explicitly excluded from EPDs of the product categories evaluated in this study
[24, 24, 62, 64, 69]. Thus, the priority to fill some of those gaps might be lower for other sectors
and some gaps could be ignored if the main reason to expand the database is to support the
development of EPDs.
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Table 49 Classification of the most relevant data gaps
Capital goods Steel construction Heavy industrial machine  Conveyor belt Cement factory
Waste treatment Sorting of waste MSW to sanitary landfill Sludge from pulp and paper
paperboard production, to sanitary landfill
Mineral Blast furnace slag Clay Sand
commodities
Ancillary materials Water Maize starch Ethylene glycol monoethyl ether

4.2. Comparison to EPA’s data gap analysis

As was discussed in Section 1, EPA’s data gap analysis focused on collecting expert opinion on
the most important data gaps for EPD development and covered a range of building material
product categories that were determined to be high priority for EPA’s low carbon labeling
program. Along with three of the categories this study evaluated (cement, concrete, and
aggregates), EPA also included asphalt binder, lightweight aggregates, fenestration materials,
steel, and wood. However, this study covers three product categories not included in the EPA
analysis (gypsum, slag cement, and limestone calcined clay cement).

Despite the difference in scope and approach, there are commonalities between both
evaluations. Table 50 provides the identified gaps in the EPA report and which of those gaps are
identified in this study. Explosives, aggregates (sand), and tires (synthetic rubber) are identified
as data gaps to prioritize in both studies (see Max GWP indicates the largest contribution to the
GWP of a model. Model with Max GWP is the model in question, while # of model stands for
the number of models where this data gap was identified. Gaps in italics were also identified in
the EPA data gap analysis [27]

Table 47 and Table 50). Concrete admixtures appeared in Table 18 and Table 50, but are not a
priority gap identified in Max GWP indicates the largest contribution to the GWP of a model.
Model with Max GWP is the model in question, while # of model stands for the number of
models where this data gap was identified. Gaps in italics were also identified in the EPA data
gap analysis [27]

Table 47 because the contribution to GWP was less than 1 %. The same is true for the flocculant
polyacrylamide, which is identified in Table 35 for aggregates and Table 43 for gypsum, but did
not make the priority gap list.
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Table 50 Data gaps identified through PCR Committee Engagement, adapted from [27] Gaps in italics were also
identified in the analyses presented in this report

Gaps Cement Concrete  Construction Aggregates

Raw Materials and Extraction Aggregates XX

Manganese wear parts X

Tires XX

Concrete admixtures XX

Chemicals and Additives Explosives XX

Flocculants XX

Fuels (Consumption Mixes) Biofuels X

CNG

Electric vehicles

LNG

Propane

X
X
X
Hydrogen X
X
X
X

Renewable diesel

X = Identified by EPA study only
XX = Identified by both the EPA study and this study

The commonalities between both analyses exceed the gaps summarized in Table 50 because
these gaps are not the only ones reported by the EPA. Fuel and electricity, which have
consistently shown as key sources of GWP across the different assessment, were identified as
gaps, not because of the absence of datasets, but to their quality, namely their age. Two other
important data gaps identified in the EPA assessment [27] as well as here are tap water supply,
and end-of-life activities, i.e., waste management and treatment.

There are also differences between the results of both analyses, highlighting two limitations of
the analysis presented here. One is a direct result of the different methodological approaches
followed by the two analyses, while the other is a result of LCA modeling choices in this study.
As shown in Table 50, there is a group of data gaps, consumption mixes of fuels, identified by
the EPA through the Construction Aggregates Committee but missed by the data gap analysis in
this study. This is because those flows do not appear in any inventory evaluated. This points at a
weakness of the methodology already articulated in Section 3.1.4.3: if a flow is not reported in
an inventory, then its related process cannot be identified as a data gap. It also illustrates the
compartmentalized knowledge surrounding the application of LCA: members of a PCR
Committee are aware of current industrial practices (e.g., use of alternative fuels) [27], which
have not yet been reflected in the LCls used for the data gap analysis in this study.

Another data gap identified in Table 50 but not in this report are manganese wear parts. Unlike
consumption mixes of fuels, metal wear parts were part of the commercial and representative
inventories for aggregates and, thus, were not identified as a data gap. However, the
commercial inventory had included wearing parts as made of “steel, low-alloyed, hot rolled”
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which was equated to “Steel, hot rolled coil” in USLCI. Nevertheless, none of these flows are
likely to be manganese steel used in mining and quarrying. Manganese mass fraction is at least
6 % for mining and quarrying [70] while ecoinvent’s manganese mass fraction is estimated at
around 0.40 % and USLCl’s is a maximum of 1.1 %. Thus, these available processes might be
regarded as rough proxies. These modeling choices highlight the need of subject matter
expertise on the part of the LCA practitioner building LCA models used in data gap analysis. A
given practitioner may not have sufficient expertise in all processes across different industries,
which might lead to modeling choices that are deemed at best as imprecise by subject matter
experts. In this case “hot rolled steel” might be seen as a suitable proxy for “manganese steel”
by both ecoinvent modelers and the authors of this report but might not be accurate enough
for the members of the Construction Aggregates PCR Committee. To partially fill this data gap,
the PCR includes the impact of manganese steel [62], based on a paper on manganese
production [71] and industry wide EPD for steel plate [72]. The report upon which the EPD is
based, “LCI of North American Products” [73] is also the basis for USLCI steel models, including
“hot rolled coil” and “plate”. This suggests the key data gap in USLCl is “manganese
production,” which would be necessary before the data gap “manganese steel wear parts” can
be filled.

4.3. Comparison to NREL’s data gap analysis

The goal and scope of NREL’s data gap analysis [30, 74] is similar to that of this study, evaluating
gaps at the process level with a focus on construction materials (specifically cement, RMC,
glass, asphalt, iron and steel). Its definition of data gap, however, is broader than the one used
in this study. In addition to missing process and cutoff flows in FLCAC, processes with
insufficient data quality (e.g., more than 10 years old) are also considered data gaps.

The main difference between the studies is their methodological approach. While this study
uses process modeling and process-based databases, NREL’s analysis is based on Input-Output
(10) modeling using the USEEIO database [31] and uses the Structural Path Analysis (SPL)
method [75, 76] to separate impacts by tiers (stages) and nodes (sectors). That means that
when assessing one sector, a one-tier SPA will reveal sectors that directly interact with the
target sector (Stage 1). For example, if the target sector is cement manufacturing as shown in
Figure 33, directly impacting sectors would include “coal mining,” “electric power generation,
transmission, and distribution,” and “cement manufacturing”. If a two-tier SPA is conducted,
the sectors interacting with those of Stage 1 will also be identified. A two-tier SPA for cement
manufacturing indicates, for example, that all Stage 1 sectors mentioned above are linked to
Stage 2 “coal mining.” Thus, SPA indicates the link between the “cement manufacturing” and
“coal mining” sectors is stronger that what might have been inferred from the initial 10 tables.
The sectors identified are those contributing more than 0.1 % to the impact categories of GWP,
Smog Formation Potential, and Energy Use.
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Stage 3

—  Oil and gas extraction

—— Qil and gas extraction

—— QOil and gas extraction —— QOil and gas extraction

—— Oil and gas extraction

{ Cement manufacturing J

— Cement manufacturing ——

—— Oil and gas extraction

Figure 33 Representation of the structural path analysis for the cement manufacturing sector, according to
USEEIO, adapted from [30, 74]

The 10 sectors identified through SPA are linked to specific processes in the FLCAC using the
North America Industry Classification System (NAICS) [77]. For example, the “natural gas
distribution” sector is linked to the process “natural gas, through transmission,” which appears
in the FLCAC under the NAICS code “2212: Natural gas distribution”. Using these linkages, NREL
used models from ecoinvent 3.8 for eight such processes (“Portland Cement,” “Concrete,”
“Bitumen (asphalt),” “Flat Glass Coated,” “Flat Glass Uncoated,” “Steel Converter Low Allow,”
“Steel Electric Chromium,” “Steel Electric Low Alloy”). The list of NREL’s data gaps is presented
in Table 51.

Table 51 NREL's data gap analysis, and comparison with gaps identified in this study

Process Identified in this study?
Clinker production Yes, Section 3.1.2.2
Cobalt No

Cobalt mining No

Ferrochromium production No

Ferromanganese production No
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Process Identified in this study?
Ferronickel production No

Flat glass No

Iron ore mining Yes, Section 3.1.3.1
Iron pellet production No

Magnesium oxide production No

Pig iron production No

Pitch No

Smelting and refining of nickel

concentrate No

Synthetic fuel production No

Zinc No

Zinc mining No
Semiconductor No

Mineral wool No

Note: NREL’s preliminary results did not indicate in which sector/process these gaps were
identified. Therefore, it is possible the reason some of the gaps were not identified in this
study has to do with the scope of the study and not with the methodology.

It is difficult to assess how well the results of the two studies align for two reasons: (1) limited
overlap between the sectors/processes evaluated in both studies (cement and concrete) and
(2) NREL’s list of gaps does not indicate in which sector/process those gaps were identified
because the purpose of the study was to identify data gaps in construction related industries as
a whole. Clinker is a straightforward match across the two studies. It is reasonable to assume
NREL identified clinker as part of their cement sector assessment, as it is the case in this study.
Iron ore mining was also identified in both studies, but it is not possible to determine whether
NREL identified this gap as part of their assessment on cement (as in this study), any of the
steel-related process, or both. Although it is merely a speculation, it is not unreasonable to
assume that “flat glass” was identified during the evaluation of “Flat Glass Coated” and/or “Flat
Glass Uncoated.” Similarly, it is reasonable to assume that “cobalt” and “cobalt mining,”
“ferrochromium production,” “ferromanganese production,” “ferronickel production,” “iron
pellet production,” “magnesium oxide production,” “pig iron,” “smelting and refining of nickel
concentrate,” “zinc,” and “zinc mining” were identified while evaluating the steel production
processes. Thus, it is not unexpected that this study did not identify these data gaps because it
did not include glass nor steel products in the analysis. It is, however, more difficult to elucidate
the source of two other data gaps identified by NREL (“Semiconductors” and “mineral wool”).

n u n u
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5. Conclusions

Given the increasing prevalence of using EPDs for product comparisons and selection, both
domestically and globally, there is a need to ensure transparent, trusted, consistent LCA results
are being reported in EPDs. One key issue that must be addressed to improve the quality of LCA
results in EPDs is to improve the availability and quality of secondary public LCI datasets. This
report provides a methodology to identify and quantify LCI data gaps and successfully
implements the methodology for a series of construction materials. Due to the limited number
and type of products analyzed, the conclusions in this study will not be broadly applicable to
products with significantly different manufacturing inputs and processes. Future research could
apply the methodology to different construction materials (e.g., flooring, steel, wood) as well as
building systems (e.g., solar panel and battery production) to broaden the assessment to
provide a more robust list and prioritization of data gaps.

For the five mineral-based construction materials evaluated, more than a hundred data gaps
were identified. However, most data gaps are not common and/or have relatively small
contributions to the single impact category evaluated in this study, GWP. Only fourteen of them
contributed to more than 1 % to the GWP impact of at least one model and present in at least 3
of the 25 models developed in this study. Some important data gaps in terms of GWP impact,
namely clinker for OPC production and stucco for gypsum board manufacturing, are more
indicative of different modeling approaches between databases than of an absence of
information regarding production processes.

The use of explosives emerged as a key data gap, both due to its large contribution to the GWP
impact of mining operations and because mining operations were an important fraction of the
processes evaluated. Other important data gaps can generally be classified as production of
mineral commodities and related raw materials, manufacturing of ancillary material and
chemicals, waste treatment and management activities, and the construction of capital goods.
This last group (capital goods) is often excluded by LCA but has shown to be relevant for
activities closely linked with raw material extraction.

Although not a data gap as defined this study, it is important to emphasize that most of the
processes evaluated had energy as their main GWP contributor, either as electricity or as
combustible fossil fuels. Although this might seem self-evident, it is also positive feedback for
the recommendation found in EPA’s data gap analysis to update the datasets for these two
kinds of energy sources [27]. Similarly, the EPA identified end-of-life activities as a key data gap,
which would include waste management, waste treatment and wastewater treatment
processes, some of which were also identified as key data gaps in this study.

Compared to NREL's data gap analysis [30, 74], this study is one tier deep. Gaps are accounted
for only in the processes for which they were identified, not further down the supply chain. For
example, explosives were identified as a gap for the quarrying of limestone, but not for
processes that used that limestone, such as clinker production. This is not as much a limitation,
as it is a difference in the implemented approach, 10 analysis versus process modeling. These
approaches are complementary because 10 analysis may quantify the relative importance of an
industry sector level gap across the entire US economy (top-down approach) while process
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modeling may identify gaps for individual products (bottom-up approach). Both approaches
attempt to address the need to identify data gaps to quantify the GWP impact for production of
a product or sector (e.g., concrete production), which leads to the evaluation of data gaps in its
main constituents (cements, aggregates, etc.) up the supply chain. The production supply chain
showed products with lower absolute GWPs on a mass basis (e.g., raw limestone naturally has a
lower GWP than clinker) and which production processes had larger data gaps on a percentage
basis. Thus, one recommendation is to start at the beginning of the production supply chain
(mining, oil extraction, wood products, etc.) when identifying data gaps because those inputs
are the building blocks of all economic sectors. A second recommendation is to focus on data
gaps for energy use because energy is a major input into every step of the manufacturing
process.

However, these two recommendations are focused solely on GWP impacts, but might not apply
to other impact categories. In fact, there is a potential for completely different
recommendations depending on which alternative impact categories are considered. Thus, the
importance of identified data gaps should be framed around both the purpose and target
stakeholders for which the gap assessment is being completed. For example, this study found
the contribution of tap water production to GWP to be relatively small. However, tap water
would be a key data gap if the purpose of the study were to identify data gaps for a water
footprint. An example of how including additional impact categories alters the relative
importance of data gaps can be seen in Appendix C. A broader data gap prioritization was also
performed using mass and energy inputs as cut-off criteria in Appendix D. Future research
should consider broadening the scope of LCl data gap assessment to include other impact
categories and alternative threshold criteria as specified in ISO standards to provide a more
robust assessment and prioritization.
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Appendix A. List of Abbreviations

ACLCA
American Center for Life Cycle Assessment

AP
Acidification potential

ASMI
Athena Sustainable Materials Institute

cC
Calcined clay

EGEE
ethylene glycol monoethyl ether

EP
Eutrophication potential

EPA
Environmental Protection Agency

EPD
Environmental Product Declaration

EPLCA
European Platform on Life Cycle Assessment

FEDEFL
Federal Elementary Flow List

FHWA
Federal Highway Administration

FLCAC
Federal LCA Commons

DOE
Department of Energy

GGBFS
ground granulated blast furnace slag

GHG
Greenhouse gases

GSA
General Services Administration

GWP
Global Warming Potential

IPCC
International Panel on Climate Change

ISO
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International Standards Organization

LC3
limestone calcined clay cement

LCA
Life Cycle Assessment

LCI
Life Cycle Inventory

LCIA
Life Cycle Impact Assessment

LEED
Leadership in Energy and Environmental Design

MTU
Michigan Technological University

NREL
National Renewable Energy Laboratory

NRMCA
National Ready-Mix Concrete Association

NSSGA
Natural Stone, Sand, and Gravel Association

oDP
Ozone depletion potential

OPC
ordinary Portland cement

PCA
Portland Cement Association

PCR
Product Category Rule

PLC
Portland-limestone cement

POCP
photochemical oxidant creation potential

RMC
ready-mix concrete

RoW
Rest of World

SCM
supplementary cementitious materials

SPA
structural path analysis
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USEEIO
US Environmentally Extended Input-Output

usLcl
US Life Cycle Inventory
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Appendix B. Supplemental Material

The following workbooks were built for and used during the data gap analyses presented here
and are available in NIST TN 2338sup1 available at https://doi.org/10.6028/NIST.TN.2338sup1.

1)

ecoinvent to USLCI: Includes the approximate equivalents between ecoinvent and USLCI
used throughout the data analyses in these reports. These are split between the
worksheets:

= Technosphere: Product to product equivalent. Indicates the flow and the process
that produces it (provider in openLCA). When the flow is available in USLCI, but
there is no production, the cutoff flow is used. If the cutoff flow was not available in
USLCI, one was created and labeled as cutoff flow (New).

= Waste: As in Technosphere, but instead of provider, the categories where the
flows/processes can be found are detailed. Note that waste treatment processes are
not yet properly modeled in USLCI and those present are effectively dummy or
empty processes.

= Technosphere to resource: ecoinvent product to FLCAC elementary flows
(resources). Used when the processed product is not available in USLCI.

= Emissions: Offers guidance on specific ecoinvent elementary flows that were not
appropriately mapped.

The “models” worksheets below include the following information regarding the models built
through the data gap analyses of this report: Flow, provider (process) or category in case there
is no actual process providing the flow or when they are elementary flows, and additional
modeling information. Flows in jtalics were identified as data gaps. Quantities are explicitly
excluded, but they can be found in the original USLCI and ecoinvent models. The quantities for
the models based on the representative inventories can be found in their respective source
reports and, for the model using USLCI processes referenced at the end of this appendix.

2)
3)
4)

5)
6)

7)

8)

Cement models: Includes OPC#1-7, OPC#1 ALT, QUARRY#1-7, and CLINKER#3-7.
RCM models: Includes RCM#3-#7.

LC3 models: Includes CLAY#1, CLAY#3-4, CC#3-6, LC3#5-6, plus a worksheet on how the
“Calcination Energy” was calculated.

Slag cement models: Includes SLAG#3-6

Aggregate models: Includes NATURAL#3-4, CRUSHED#3-6, wo EXPLOSIVES#5-6, and w
EXPLOSIVES#5-6.

Gypsum models: Includes GYPSUMBOARD#1, GYPSUMBOARD#3-7, GYSUMORE#3-7,
FACING PAPER#5-7, BACKING PAPER#5-7, ACCELERATOR#5-6.

Gap summary forms the numerical basis for Section 4 and contains the following four
worksheets:

= TOTAL: Includes the GWP of all the data gaps quantified in 25 models.
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UNIQUE: Includes in column B a list of all unique data gaps identified in the “TOTAL”
worksheet. Columns C:D use the data in column B as well as in the “TOTAL”
spreadsheet to quantify in how many models the gap is present (# models, column
E), what is the largest relative gap in GWP terms for this process (Column D, Max
GWP), and which model the largest gap can be found (Model with Max GW, column

F). This information is the basis for Table 46Max GWP indicates the largest contribution to
the GWP of a model. Model with Max GWP is the model in question, while # of model stands for the
number of models where this data gap was identified. Gaps in italics were also identified in the EPA
data gap analysis [27]

Table 47Table 48Table 49.

EPA: Is a worksheet copy of the data gap analysis presented in [27], used to develop
the worksheet “EPA condensed” below.

EPA Condensed: Summarizes the content of the “EPA” worksheet, including only those product
categories evaluated in this report, and it is the bases for Table 50. In addition, the following
models based on the representative inventories and built using USLCI processes are available in
the NIST repository on the FLCAC at XXXXX. Note there are no models for LC3 or Slag Cement,
as these rely partially on ecoinvent inventories.

= QUARRY#5
= CLINKER#5
=  OPCH#5
= RMC#5

= wo EXPLOSIVES#5
= w EXPLOSIVES#5

=  GYSUMORE#5

=  FACING#5

=  BACKING#5

=  GYPSUMBOARD#5
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Appendix C. Data gap analysis with additional impact categories

Considering multiple impact categories in evaluating LCl data gaps will provide a more holistic
analysis that could lead to changes in prioritization rankings. To illustrate the importance of
multi-impact assessment evaluation, the representative RMC 3000 psi inventory built with the
commercial database (model RMC #6) is rerun, but this time modeling LCIA results for each of
the five impact categories included in the ISO 21930 LCIA methodology: acidification (AP),
eutrophication (EP), ozone depletion (ODP), climate change (GWP), and photochemical oxidant
creation (POCP) potentials. Figure 34 illustrates that while general trends might be observed
across categories—e.g., cement is the main source of impact in all five of them—contributions
on a percentage basis vary.
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Contribution to the different impact categories
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Gravel, round ® Organic chemical Electricity m MSW M Other

Figure 34 Contribution to the ISO 21930 LCIA impact categories for model RMC#6. Only flows contributing more
than 1% to one of the impact categories are shown individually, the rest are combined in “Others”

The contribution of the data gaps to the different impact categories for RMC #6 is presented in
Table 52. The identified data gaps are the smallest on a percentage basis for GWP, which has
been the focus of this study. The percentage contribution of the data gaps for two of the other
four impact categories, eutrophication and ozone layer depletion, is more than double that of
GWHP. All data gaps excluding linear alkylbenzene sulfonate and hazardous waste incineration
contribute more than 1 % to at least one impact category. Additionally, tap water contributes
26.1 % to ozone depletion. This example shows that “environmental hotspot” and “key data
gap” is not necessarily synonymous with “large source of GHG.” Thus, it should be emphasized
that this study only used GWP in the qualitative prioritization ranking and further research
should consider how to incorporate additional impact categories into the methodology to
provide a more robust, holistic ranking approach.
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Table 52 Percentage contribution to the 1ISO 21930 LCIA impact categories for RMC#6

AP EP oDP GWP POCP
Crushed gravel 6.27 7.59 3.53 2.89 4.57
MSW incineration 0.19 1.11 0.10 1.87 0.23
Sand 3.00 2.88 1.75 1.21 2.83
Tap water 1.55 2.45 26.10 0.82 0.93
Organic chemical 1.22 1.54 4.52 0.78 0.68
Gravel, round 1.29 1.24 0.76 0.52 1.22
GGBFS 1.44 0.87 0.52 0.43 0.43
Linear alkylbenzene sulfonate 0.06 0.05 0.09 0.02 0.03
Hazardous waste incineration 0.01 0.02 0.03 0.01 0.00
TOTAL 15.03 17.75 37.40 8.56 10.92

AP: acidification potential, EP: eutrophication potential, ODP: Ozone depletion potential, GWP, global warming
potential, POCP: photochemical oxidant creation potential
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Appendix D. Data gap analysis using mass and energy inputs

ISO 21930 establishes the foundation for PCRs of construction materials. Section §7.1.9
indicates that “Particular care should be taken to include materials and energy flows [...] that
contribute significantly to any of the pre-set indicators,” those indicators being the five impact
categories included in Appendix C: acidification, eutrophication, ozone depletion, greenhouse
gases, and photochemical oxidant creation. Subsequently, it defines the cut-off criteria for data
gaps as “1 % of renewable primary [...] energy, 1 % non-renewable primary [...] energy, 1 % of
the total mass input [...] and 1 % of environmental impacts”.

Appendix C shows that that including more impact categories could expand the list of data gaps
over the cut-off criteria of “1 % of the impact”. In this appendix, the mass and energy cut-off
criteria are applied to the 25 models used to quantify data gaps using GWP (see Section 4). The
purpose of this analysis is to identify additional data gaps that might meet the other thresholds
despite being under the 1 % threshold in terms of GWP. As shown in Table 53, all identified
flows are materials as no energy flow contributes more than 1 % to any process identified as a
data gap.

Table 53 Gaps identified using 1% of mass and energy input as cutoff criteria. Models not included in the table
did not present additional data gaps.

Model “New” gaps Gaps over 1 % mass but not GWP

CLINKER#4 Water* Tap water

CLINKER#6 Fly ash and scrubber sludge Clay Sand Shale Tap water

Chalk Limestone residue

OPC#2 Gypsum Clay Sand Shale
Tap water

OPCi#6 Gypsum Tap water

RMC#4 Tap water

RMC#6 Fly ash and scrubber sludge Organic chemical Round gravel
Tap water

GGBFS#4 Water*

GGBFS#6 Water*

NATURAL#4 Water*

CRUSHED#4 Water*

CRUSHED#6 Water* Tap water

GYPSUMORE#6 Tap water
Process water

FACING#6 Tap water

BACKING#6 Tap water

GYPSUMBOARD#4 Water* Tap water

GYPSUMBOARD#6 Waste gypsum Tap water

* Water is not a new data gap as it was previously identified as tap water. However, these are instances in which
water appears as a natural resource and not as product from the technosphere.
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Using these alternative thresholds, five “new” data gaps were identified: two elementary flows
(water and chalk) and three waste inputs (fly ash and scrubber sludge, limestone residue, and
waste gypsum). These elementary and cut-off flows (flows without a process model producing
or treating them) had already been identified as data gaps in previous analysis. However, by
their nature as elementary and cut-off flows, the GWP impact for these flows could not be
qguantified. Therefore, these flows do not appear in the discussion in Section 4. Thus, using mass
and energy thresholds could be a useful alternative to evaluate the potential importance of
data gaps not appearing in any available database. Of these five data gaps, “Water” is different
because it has already been identified as a key data gap in multiple models as “tap water”. Here
however, “Water” refers to water reported as a natural resource input, and although the
distinction is appropriate, it could indicate “tap water” (or any other process providing process
water) could be a better modeling alternative because the supply of water to an industrial
process is not without impact.

Table 53 also identifies, for each process modeled, data gaps whose GWP impact is less than

1 %, but whose mass (as they are all material flows) represent more than 1 % of the material
inputs to each process. “Tap water” is the most common, indicating water procurement could
be considered a key environmental flow even for those processes in which its contribution to
GWP is considered small. Similarly, clay and sand had been identified already as key data gaps
in Section 4, but are above the mass-based threshold for additional models. Three gaps that are
not included in Section 4 but included with a mass-based threshold are “organic chemical,”
“gypsum,” and “shale” because of their low GWP.

In summary, the mass and energy cut-off criteria offer additional metrics to identify priority
data gaps. Unlike contributions to an impact category, it does not rely on an alternative
database and can, therefore, be conducted using only USLCI. However, using an approach that
considers a combination of criteria for mass, energy, and impact will provide the most robust,
holistic data gap assessment because each provides unique insights. For example, impact
category results can highlight data gaps used in small quantities, but generating significant
impacts. Additionally, mass and energy cut-off criteria exclude outputs, and therefore
generated wastes, and inputs not measured in terms of mass (e.g., capital goods). These two
groups, waste and capital goods, were identified as significant data gaps in Section 4.
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