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Abstract: Life cycle assessment, which evaluates the complete life cycle of a product, is considered
the standard methodological framework to evaluate the environmental performance of climate
change solutions. However, significant challenges exist related to datasets used to quantify these
environmental indicators. Although extensive research and commercial data on climate change
technologies, pathways, and facilities exist, they are not readily available to practitioners of life cycle
assessment in the right format and structure using an open platform. In this study, we propose a new
open data hub platform for life cycle assessment, considering a hierarchical data flow starting
with raw data collected on climate change technologies at laboratory, pilot, demonstration, or
commercial scales to provide the information required for policy and decision-making. This platform
makes data accessible at multiple levels for practitioners of life cycle assessment, while making data
interoperable across platforms. The proposed data hub platform and workflow are explained through
the polymer electrolyte membrane electrolysis hydrogen production as a case study. The climate
change environment impact of 1.17 & 0.03 kg CO, eq./kg Hy was calculated for the case study. The
current data hub platform is limited to evaluating environmental impacts; however, future additions
of economic and social aspects are envisaged.

Keywords: life cycle assessment; scientific and technology dataset; life cycle inventory datasets;
data hub

1. Introduction

Nature and engineered-based negative emission technologies are pursued to reach
net-zero targets [1]. Several carbon accounting tools based on product life cycle assessment
(LCA) have been developed [2]. With the requirements of certification and more accuracy
in net-zero plans, there is more scrutiny on transparency in methodology and data used.
Open and commercial LCA tools are currently used to quantify environmental impacts,
including carbon footprint [3]. In the context of climate change mitigation efforts, GHG
emissions accounting is often subject to contradicting reporting due to the lack of traceability
and transparency on the datasets used [4]. This situation is even more critical for other
environmental indicators with fewer dataset inventories available.

LCA methodological framework has been outlined in ISO 14040 [5] and 14044 [6]
standards, in which the principles, framework, and guidelines for conducting LCA have
been proposed. Stages of LCA methodology include goal and scope definition, life cycle
inventory (LCI) analysis, life cycle impact assessment (LCIA), and interpretation. Typical
life cycle stages of a product include raw material production, product assembly, product
use, and end-of-life. Datasets required for LCA are developed as LCIs, a standardized
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data format, which includes inputs and outputs of a specific process and supporting
meta-data [7]. LCIA results are typically used as decision-making data to evaluate the
alignment of environmental criteria and also in communication report formats such as
environmental product declarations (EPD) [8]. LClIs are developed based on data collected
from existing industrial processes, process simulations, and other types of estimations and
models. There are already several commercial [3,9] and open-source [10] LCI databases
available. However, underlying scientific and technical data used for the generation of LCIs
are rarely made available as part of LCI databases, making the LCA practitioners using LCI
datasets heavily rely on scant meta-data documentation of LCls. This makes it challenging
to choose representative and suitable LCI datasets that are aligned with the goal and scope
of the LCA study.

Although the focus is on LCI data, there are many types of datasets that are relevant to
LCA as indicated in Figure 1. In fact, there is a hierarchy of different types of data that can
be used for LCA-supported decision-making. Here we differentiate between raw datasets
often collected using instruments in laboratories, pilot, demonstration, and/or commercial
scale processes, which are at the bottom of the hierarchy, and high-level data used for
decision-making at the top of the hierarchy. Scientific datasets are often only accessible
to a limited audience with specialized skills and they are usually not accessible to LCA

practitioners [11].
Technology and
policy choices

Proxy Data From Reports
& Peer-Review Publications

Aggregated Datasets (EPD) \

Life Cycle Inventories (LCI) -
Datasets

Technology & Scientific Datasets

N

Figure 1. Hierarchy of datasets used on life cycle assessment and associated decision-making processes.

After the LCI datasets, the next level of environmental performance data are reported
as EPDs (shown in Figure 1). It is worth noting that EPDs enable data and information
reporting by specifying the details of the LCA study and its results as selected environ-
mental impacts [8]. The fourth type of dataset is related to proxy datasets often built on an
ad-hoc basis from literature and other means. These proxy datasets focusing mainly on
environmental impacts, such as carbon footprint, often less transparent, are used to address
gaps in high-level data required for organizational decision-making [12]. Often, different
groups develop these data types, with little harmonization effort to build consistency and
traceability among different datasets and assessments [13]. This makes technology and
policy choices challenging and may lead to poor decision-making. Thus, there is a need to
improve data flow from raw scientific/technology datasets to technology /policy choices,
which requires multiple steps with different hierarchies of data inputs.

There have been several efforts to improve the transparency and traceability of LCA
data flow in the literature. Bellon-Maurel et al. [14] streamlined the LCI data generation
using data collected from information and communication technologies (ICT) used in viti-
culture operations. They guaranteed the traceability of data used in LCIs using a conceptual
framework that maps the data flows from ground-level operations to LCls. Similarly, Fer-
rari et al. [15] proposed a dynamic LCA framework by integrating the enterprise resource
planning (ERP) system and smart digitized manufacturing systems with a custom LCA tool.
Typically, industrial manufacturing environments have digitized tools for data acquisition
and management, making it easier to integrate technology and scientific datasets with LCI,
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providing traceability. However, such systems can be highly specific to the application
and include confidential data, less suitable for open-source platforms. Data confidentiality
is a key issue that is hindering the efforts to build consistency in data flow traceability
towards primary technology and scientific datasets [16]. Blockchain solutions [17] and
secure data spaces [18] have been proposed address data confidentiality issues. Current
open-source platforms managing non-confidential LCI data also do not have adequate
linkages to primary technology and scientific datasets [10]. Such data are often described
as meta-data documentation, which is often scant or non-existent as part of the LCI dataset.

LCA-related datasets are not limited to primary scientific and technology data and LCI
datasets. The impact assessment result datasets, EPD data, and high-level decision-making
data are also a part of the hierarchy of LCA data. A large number of decision-making plat-
forms focusing on buildings [19], building materials [20], waste management [21], wastew-
ater treatment [22], sustainable packaging [23], biorefineries, and transportation [24,25]
have been proposed in the literature. Each of these platforms, however, focuses on specific
LCA tools and decision-making criteria rather than the identification and management of
data required for LCA-based decision-making and communication tools such as EPDs. In
particular, previous proposals focusing on open-source platforms allowing the linkage of
scientific and technology datasets, LCI datasets, environmental impact results, EPDs, and
high-level decision-making data are limited. Such platforms should facilitate access to the
data for multiple levels of stakeholders including engineers, lab technicians, LCA practi-
tioners, and managers while providing transparency, traceability, and sufficient meta-data
documentation among datasets.

In this study, we propose an open-source data hub platform incorporating a hierar-
chical data structure that ensures transparency and linkage among datasets, integrates
multiple data sources, and ensures that relevant data are collected to evaluate environ-
mental indicators required for decision-making. The data hub platform is then validated
using a hydrogen production case study. This case study features the harmonized life cycle
assessment-based methodology developed by our team, including critical aspects such as
life cycle inventory datasets generation, data quality evaluation, and data curation through
data interoperability and accessibility.

2. Materials and Methods
2.1. High-Level Data Hub Architecture

The proposed data hub platform consisting of two cloud-based systems is currently
being developed at the National Research Council Canada (NRC) (as shown in Figure 2).
One system is dedicated to collecting and curing scientific and technology datasets and LCI
datasets. We refer to this below as the “materials and technology data warehouse (m-DW)”.
A second system is dedicated to high-level environmental assessment data and results
including EPD data, proxy data from reports, and high-level decision-making data. This
second system is referred to by the term “sustainability webserver (s-WS)”.

i s i e s ' i i s e e e
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|
|
I
|

Figure 2. Data hub infrastructure in relation to LCSA.
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Undertaking an LCA study is resource-intensive and often incomplete for a lack of
data. Inaccessibility or timely availability of these data in the right format are the main
issues. The materials and technology data warehouse system (m-DW) and sustainability
webserver (s-WS) address this gap with the following key characteristics.

e  Build a comprehensive scientific/technical data information architecture to enable effi-
cient data integration from different sources, data analytics, and impact assessments.

e Provide an adaptive architecture to integrate existing databases within and outside
the federal labs.

e Provide a dynamic and secure environment for existing and new data to enable faster
decision-making for both policymakers and researchers.

Figure 3 shows the overall high-level IT representation of the NRC data hub. Recent
developments in data analytics and secure cloud servers support building a reliable in-
formation system for structured and unstructured data flow, enabling transparent/secure
data sharing and trustworthy environmental assessment.

Microsoft Azure — Central Canada

Web Server (dev) Shared Storage
NRC Researcher

*
=== , maat?
== e i

- i
- !

Web Server (prod) Virtual Machin_e
for Data Analytics
NRC Managed Infrastructure Machine Learning

Figure 3. High-level IT infrastructure of NRC data hub and openLCA CS implementation.

Building on the effort of GreenDelta’s openLCA platform [26], we have implemented
a collaboration server (CS) to enable collaborative LCI dataset development as part of the
data hub, which is accessible to registered users at this URL: https:/ /eeecc.nrc-cnre.gc.ca/
openlca (accessed on 1 July 2024). The CS includes repositories of LCI datasets that can
be accessed either through an online interface or openLCA desktop software (version 2.2),
an open-source LCA software. The local databases in openLCA desktop software can be
connected with CS repositories, allowing a number of users to work on developing LCI
datasets simultaneously.

The NRC data hub has been built within a secured environment allowing NRC re-
searchers and external collaborators to connect to the openLCA CS web application through
a network firewall and a web application firewall. The web application interacts with an
internal MySQL database server for data management and network storage for storing
and analyzing LCI data. For development and maintenance purpose, the web application
server is duplicated into a production server accessible by external users, and a develop-
ment server accessible only by the NRC development team. Additionally, an internal data
analytics server would receive external user requests submitted using a web form, then
perform data analysis on a set of LCI data accordingly, and return results to the user.

2.2. Hierarchy of Data and Data Linkages in Data Hub

A key characteristic of the data hub is that it stores and connects a hierarchy of datasets
including scientific and technology data, LCI data, proxy data from EPDs, scientific and
technology reports, and high-level decision-making data. Linking scientific data with
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LCI improves the application of context-specific and up-to-date data, and promotes the
precision, robustness, and transparency of LCA assessments. The linkage allows for a
deeper understanding of the results of environmental impacts associated with each life
cycle stage and identifies hotspots and opportunities for improvement that help decision-
makers make informed decisions.

Figure 4 shows a concrete example of the usage of a data hub platform to gener-
ate scientific and technology data using process simulation, curate data to generate LCI,
validation, and use the data in the environmental assessment to generate data required
for high-level decision-making. As with any LCA study, the assessment starts with the
definition of goal and scope. This step defines the system under study, and the type of data
that should be collected or generated. Depending on the product system, the next step is
to define the flow diagram to identify whether data needs to be collected from the actual
operating facility and/or generated using process simulation. Then, a process simulation is
developed, if required, to generate input and output data to build LCI. The collected or
generated (using simulation) data are then validated for overall mass and energy balances
and as required for elemental balances. Also, the meta-data describing the process of LCI
datasets are also collected. Then, the inputs and outputs are normalized per reference flow
of the LCI dataset and appropriate elementary flows and technosphere flows are assigned
(further described in Section 3.3). At this point, the data curation is complete and the
dataset is integrated into the openLCA collaboration server platform. The LCI datasets can
then be used for environmental impact assessment.

assessment

L
|

Goals, scope | Validation of simulation results ‘ i
| | | | Collection and
and system Flowsheet \ Process - Overall mass balance | J e
—>| — : R i -+ —» validation of meta
boundary | development simulation - Overall energy balance ;
e | data/documentation
definition ‘ - Carbon balance ‘
%
Import into 5 :
Sustainabilit ‘ openLCA ‘ ‘ Imbortints | Selection of elementary Calculation of
v & - P flows and technosphere « . normalized inventory <«

connections

collaboration |
server ‘

| openLCA platform * ‘

‘ of inputs and outputs

Figure 4. An example of data generation using process simulation, LCI generation, validation,
openLCA collaboration server, and environmental indicator assessment using data hub platform.

2.2.1. Scientific and Technology Data

Significant amounts of data are generated by researchers working on early-stage
technologies or performing tests on specific components of a larger system. However,
these data are either incomplete or not reported in the literature. For example, when
publishing results on a new materials synthesis, details on energy use or the different waste
streams are not recorded and/or reported. Similarly, the technology data can be collected
from industrial processes and plants as well as process simulations that mimic large-scale
operations. Figure 5 shows the type of data sources including industrial, simulation, and
laboratory data, file storage repositories, and integration of the data to create LClIs.

As shown in Figure 5, the data hub first acts as a data file repository, in which any
type of data file including spreadsheets, simulation data files, measurement data files, and
data files from data acquisition systems can be stored. Then, relevant data in the scientific
and technology data files are transferred to either MySQL-type structured database or
a spreadsheet-type document database. A few examples are compiled mass and energy
balances from a process simulation, efficiency parameters from an industrial process, or an
experimental setup.
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Figure 5. Types of scientific and technology data, file repositories, and structured data.

The upward flow of data and information defined in Figure 1 requires appropriate
linkage between different levels of data categories. The first step in such linkage is the
generation of LCI datasets based on relevant and sector-specific scientific and technical data.
Scientific data such as laboratory data and analyses, empirical measurements, and research
findings can provide valuable information about the performance of specific production
processes or technologies from an environmental perspective.

2.2.2. LCI Data and Framework

A standardized framework for generating and organizing LCI datasets was developed
including a general LCI format (shown in Figure 6). This framework focuses on the LCI
format, which includes types of data that are stored as LCI, and also linkages of LCI with
collected /generated raw data and data transformations. An LCA study typically involves
multiple LCI datasets to build the required product system. A general rule followed is
to model LClIs as granular as possible until further sub-division is not possible due to
the presence of complex interactions such as recycle or heat integration between unit
process LCIs. Figure 6 shows the granularity of unit processes specific to a case study
in hydrogen production, which include feedstock production, hydrogen production, and
hydrogen compression.

LCI framework

Hydrogen production

! I
pathways ! e 1O oot - !
I e e e e I 1 1 1
[ : | . | 1 5 |
1 | 1 1
: Feedstock : 1 o i Meta-data and ] % I
: production 1 : 3 \ | documentation | | = !
i i [ ) | i N
| ' ! @ I | DRl |
! 1 ! £ | ! g 0| !
[ 1 ! < I 1 2 =
g
: Hydrogen ! N = | [ : B=|
: ! 1 3 i | Llist ofinputsand | | Eo| | Other LCA
[ d d |t P =
| [ s ! T8 ! outputs per ! £ ol platforms
i | purification | | = | RSP | wgl
| i | L) 1 process | 8 | 1
\ 1 1 - | | E al
1 I I a 1 1 3 1
| 1 = | 1 ESall |
1 : I uon 1 | 'E i 1
I Hydrogen 1 : b ! Mapping with i & § I
i | compression | ! | - | | LcA softwareand | | £ :
] k¥ =)
! 1 : 8 ! background | g !
! 1 | E | database ! o ,
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1 Ve s e e g ] I

Figure 6. Overview of LCI framework and format used in the data hub related to hydrogen produc-
tion pathways.
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Meta-data and documentation Inputs and outputs

Once the identification of the product system is complete, the goal and scope of the
study are then reviewed to define the requirements of LCI datasets. They typically include
life cycle impact categories, data quality requirements, cut-off criteria, and allocation.
Also, LCI development must collect the required data needed for chosen environmental
indicators with sufficient quality. Hence, the generated data from process simulation are
transferred to LCI using a set of rules, which include the transfer of appropriate data
exchanges to model the required environmental indicators, validation of the quality of
the data, and application-defined cut-off rules. The collected data then can be arranged
according to the LCI format to include meta-data, inputs and outputs, and mapping data
with elementary flows and background databases.

Figure 7 elucidates the data stored in each category of the LCI format. The first
category, meta-data and documentation, includes a description of the LCI dataset, data
quality in terms of representativeness (technological, time, and geographical), completeness
and accuracy, supported sustainability indicators, data sources, and review details. The
second category of data includes the numerical values of inputs and outputs of the process
and type of the flow (elementary versus technosphere). Elementary flows represent the
direct interactions with the environment including resource inputs such as water and
emissions to air, water, and soil. Technosphere flows are connections with other unit
processes such as electricity or natural gas production and delivery. The third category,
mapping with LCA software and background database, ensures the proper mapping of
elementary flows and technosphere flows with LCA software and background processes.
Proper mapping with elementary flows, as used in LCA software and impact assessment
methods, is important in facilitating the assessment or calculation of environmental impacts.
Also, mapping the technosphere flows with appropriate background database processes
aligning with the specifications of each process is important as well. Furthermore, it
increases the interoperability of LCI datasets among different LCA platforms. Hence, this
information is included in the LCI format.

Mapping with LCA software and background
database

General description of the process * Reference flow * Flow compatibility

Representativeness
* Technological
*+ Time
* Geographical

Completeness, accuracy
Supported impact categories

Types of data sources (site specific,

generic, secondary)

Review details

* Elementary flows

* Inputflows * Technosphere flows
* Resources from

environment * Alignmentin terms of product
* Electricity specifications
* Fuels
* Chemicals * Choice of proxiesand
* Materials justification

* Outputflows

Emissions to air
Emissions to water
Emissions to soil
Products/co-products
Waste streams

Figure 7. Types of data that are stored as part of LCI format categories.

There are already multiple platforms to conduct LCA and quantify environmental
impacts. Itis likely that different platforms will be used for the quantification of carbon foot-
prints and other indicators for environmental certification and labeling purposes. Hence,
it is important to develop guidelines and procedures to transfer the LCI dataset among
different platforms, ensuring data interoperability. As shown in Figure 8, this involves
transforming LCI datasets into different versions of LCI datasets that are compatible with
other LCA software and background databases. Transformation involves mapping the
elementary and technosphere flows of two platforms, adjustment of units, and elimination
of data to harmonize on LCA platform scopes. The NRC data hub currently maps data to
the FuelLCA platform [27].
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Figure 8. Overview of developing data interoperability among LCA platforms and databases.

2.2.3. Environmental Product Declarations (EPD)

EPDs are standardized documents that convey information on the LCA methodol-
ogy followed and the environmental impacts of a certain product, developed according
to requirements of product category rules (PCR). Linking LCI with EPD can establish a
standardized approach to improving the transparency and communication of EPDs. How-
ever, providing the specific LCI is not considered a mandatory option in PCR; hence, it is
often neglected in public EPD documents. By linking LCI with EPDs and improving the
transparency of EPDs, LCA researchers and practitioners can improve the credibility, trans-
parency, and comparability of the LCA results. Such efforts, however, require recording
and storing data fields relevant to EPDs as shown in Figure 9.

LCA methodologies (ISO 14040, 14044, product category rules)

- Functional unit - Reference life - System boundary - System diagram - Cut-off rules - Allocation rules - Data quality requirements - Impact categories

Goal and scope, life cycle inventory and impact assessment

- Impact assessment - Other calculations rules and scenarios
Life cycle impact characterization
T » *  Environmentalimpact

| characterizationfactors

Inputs and outputs
*  Reference flow

]
Life cycle environmental impacts

Meta-data

Mapping with LCA

Input flows
*  General description P software and background * Downstream processes
f Resources from env.
*  Representativeness 2 database *  Core processes
5 *  Electricity e
*  Technological e *  Flow compatibility *  Upstream processes

* Time
*  Geographical
*  Completeness,
accuracy
*  Supportedimpact
categories
*  Type of datasources
*  Review details

*  Chemicals
*  Materials
Output flows

*  Emissionstoair
Emissions to water

*  Emissionstosoil

*  Products/co-
products

*  Waste

*  Elementary
flows
*  Technosphere
flows
Alignment with
product specifications
Choice of proxies and
justification

Goal and scope (Meta data)

Life cycle inventory (LCI)

Life cycle impacts

- Downstream processes

Life cycle inventory (LCl) datasets - Core processes

- Upstream processes

Environmental product declaration
(EPD)

Figure 9. An overview of environmental product declaration (EPD) data fields and its connections
with life cycle inventory (LCI) datasets and life cycle assessment (LCA) methodological aspects
including ISO standards [5,6].

As the goal and scope definition-related meta-data of an EPD, the following detailed
data are stored in the data hub including product category definition, geographical region,
validity, PCR used, functional unit, system boundary, life cycle stages, system diagram,
cut-off rules, allocation rules, and data quality requirements. Although it is not manda-
tory to publish LCI datasets with EPD, the inclusion of LCI and its meta-data improves
transparency and traceability of the EPD. It is likely that an EPD requires a number of
LCI datasets to be used as upstream, core, and downstream processes to represent the
system boundary under study. Hence, linking LCI with EPD requires the LCI to follow a
specific set of requirements in reporting. The linkages of EPD with LCI datasets and LCA
methodological aspects are shown in Figure 9.
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Results of the environmental impact assessment data are stored as part of the EPD
dataset to be used as environmental performance results. The data are currently stored in
Excel format with the ability to fetch by the web interface included in the sustainability
web server (s-WS).

2.2.4. Proxy Data and High-Level Decision-Making Data

Life cycle impact assessment results or EPD reporting can be, in some cases, directly
used as decision-making data. But in most cases, environmental indicators will be evalu-
ated against a plethora of other criteria including capital costs, profitability, technological
maturity, government policy and regulations, and social aspects and engagement. The data
hub does not intend to include all the high-level decision-making data related to a certain
technology pathway, but does offer flexibility to include necessary parameters as a part of
s-WS (shown in Figure 2).

LCA studies based on the attributional approach typically show a snapshot of envi-
ronmental impacts valid for a given time period and region. However, changes in energy
mixes, technology improvement, and supply chain decarbonization require LCA impact
assessment results, EPDs, and other high-level decision-making criteria to be updated
regularly to reflect current real-world conditions. Such periodic updates are, however,
difficult and time-consuming. Hence, tools and IT infrastructure that facilitate automatic
and semi-automatic updates to high-level datasets with the change of LCI and technology
characteristics are critical. Hence, we propose the infrastructure below, which combines
openLCA CS, a datamart or pre-calculation module, and a web-based interface as part
of s-WS.

Many internal and external stakeholders, who would use data hub for high-level
decision-making, are non-LCA experts or do not have the required software installed in
their respective computers. Such stakeholders require simplified high-level LCA tools,
preferably web-based, to calculate key LCA impacts and view underlying LCI data and
assumptions. Hence, a web-based high-level LCA calculation tool for NRC and its stake-
holders with validated traceability and transparency of datasets would be built upon the
current NRC openLCA CS platform as shown in Figure 10.

a o

Local computers with
openlLCA
(Internal & external)

g

Material and technology openlLCA collaboration
data warehouse server

Datamart/pre-calculation

module

Web link to collaboration server to view

datasets used.

Web calculation interface

Users without
openLCA
(Internal & external)

Figure 10. A web-based LCA tool for NRC and its stakeholders with validated traceability and
transparency of LCI datasets.
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3. Results and Discussion
3.1. Case Study—Hydrogen Production Using PEM

The electrolysis process converts water into hydrogen and oxygen by applying electri-
cal energy:
Hzo —Hy+% 02

The produced hydrogen gas (Hy) is usually at a high purity of 99.99%, and the oxygen
gas (Oy) can be sold as a marketable by-product if not released into the atmosphere. Among
the different electrolysis technologies, low-temperature electrolysis, including alkaline and
proton-exchange membrane (PEM), could commercially compete against fossil fuel-based
technologies [28].

3.2. Overview of LCA Methodology

An LCA-based methodology that aims to quantify H, production carbon intensity by
using an attributional LCA with a “well-to-gate” system boundary has been developed
by our team [29]. The life cycle inventory data for the foreground system comes from
modeling and simulation results of H, production processes. While the net GHG emissions
are the focus of their proposed life cycle-based framework, other impact factors, including
ozone depletion, acidification, and eutrophication could also be quantified using the same
framework. The three main components of the LCA-based methodology include:

e  Goal and scope definition, which state the aims for performing the LCA study and
include the scope (product system, system boundary, functional unit, and others as
the type of hydrogen production pathway, and geographical scope).

e Life cycle inventory, which comprises a literature review, collection of (primary) data,
building a hydrogen LCI database, and data quality evaluation.

e  Life cycle impact assessment, which considers the calculation of carbon intensity for a
hydrogen production pathway [29].

Each component is described below in the context of H, production using PEM.

3.2.1. Goal and Scope

In our case study, the goal is to perform an LCA of hydrogen production via PEM
electrolysis and quantify its carbon footprint. The product system and functional unit are
defined as 1 kg of compressed gaseous hydrogen with a purity of 99.9%, a compression
of 6.4 MPa, and an energy content (LHV) of 119.9 M]/kg [29]. The “well-to-gate” system
boundary considers a foreground system with three subsystems: (i) feedstock that includes
electricity and deionized water; (ii) hydrogen production and purification; and (iii) hydro-
gen compression [29]. The geographical scope considers that the hydrogen production
facility is located in the Canadian Province of Quebec, Ontario; thus, the grid electricity
from the Quebec electricity system is used in the hydrogen production system.

3.2.2. Life Cycle Inventory

The development and implementation of an LCI of the H, production pathway via
PEM electrolysis considers the steps as follows.

e Step 1. Literature review to collect existing LCI datasets, and identify the preliminary
process flow diagram, key parameters, and assumptions.

e  Step 2. Undertake the process simulation. In this step, a process flow diagram, mass—
energy balance, and the initial LCI are obtained.

e  Step 3. LCI datasets are finalized, which include LCI data gap, validation, and data
quality assessment.

e  Step 4. LClI data are transformed into potential environmental impacts using life cycle
impact assessment methods.
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Collection of primary LCI data

Due to the lack of accessible primary data from the industry, process simulation
results are taken as data sources to generate primary data. The main source of data for
H, LCI datasets is the mass—energy balance, the targeted results of the process simulation
procedure [29].

On the basis of the collected process parameters and information from the literature
review, the PEM process was designed based on the most state-of-art technologies, and the
entire Hy production plant was modeled using commercial process simulation software
(such as Aspen Plus or ProSim). Either a built-in model (if it existed) or a customized model
of the PEM stack was developed for the process simulation. A customized model was
built based on the developed model found in literature that was already validated through
test data of commercial PEM stack unit. All the mass and energy flows in and out of the
product system’s boundary were simulated, where the mass and energy data were ensured
to be balanced.

To generate primary LCI data, the inventory template developed using the results of
identified input and output flow names from the literature review’s second screening step
will be filled with the amounts calculated from primary data sources [29]. Specifically, for
the PEM process, the raw mass and energy balance data generated from process simulation,
as shown in Table 1, were used to calculate the amounts of required electricity and deionized
water to the system and the amounts of hydrogen and oxygen flow out of the system. This
calculation was realized in an Excel template.

Table 1. Data template of raw flow data from process simulation of a PEM-based hydrogen plant.

Input/Output Value Unit
Main inputs to the process

Water 3595.7 kg/h
Electricity consumption—Electrolyzer 20,000 kW
Electricity consumption—BoP 290.61 kW
Main outputs from the process

Hydrogen output kg/h
- Hydrogen 396.5 kg/h
- Water 0 kg/h
- Oxygen 0.1 kg/h
Purge kg/h
- Hydrogen 1.2 kg/h
- Water 2.4 kg/h
- Oxygen 0 kg/h
Oxygen output kg/h
- Hydrogen 0.6 kg/h
- Water 23.5 kg/h
- Oxygen 3161.7 kg/h
Residual vapor kg/h
- Hydrogen 0 kg/h
- Water 9.4 kg/h

- Oxygen 0 kg/h
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Building a hydrogen LCI database

The primary LCI of the PEM process, as included in the foreground system, was
obtained from the mass—energy balance results of the simulation and optimization process.
The scope three emissions from capital goods of the system are excluded [29]. In this
PEM-based hydrogen use case study, there is no background system required when the
cooling water is not counted. Both electricity and deionized water production were counted
in the foreground system. As it is described in [29], a conversion of the LCI results to unit
process data was performed using an Excel template.

The LCI dataset of H, production via PEM technology was generated by transfer-
ring the normalized LCI datasets in Excel format (see Table 1 below) to the LCI dataset
in OpenLCA format. Then the final LCI dataset generated in the OpenLCA desktop en-
vironment is committed to the OpenLCA collaboration server [29]. The resulting LCI
datasets regarding the total electricity demand and water consumption were confirmed to
be reasonably within the ranges found from the literature, i.e., 56.9 &+ 9.8 kWh/kg H, and
9.5 + 0.6 kg/kg Hy, respectively. Hydroelectricity generation, dominant in the Canadian
province of Quebec, was used as the electricity source for electrolysis.

Data quality evaluation

An interim quality control of the preliminary LCI dataset was conducted to check
completeness, sensitivity, and consistency [29]. First, the preliminary LCI dataset values
obtained from process simulation are compared with the LCI dataset with the range and
average values from secondary sources. The preliminary LCI dataset of the PEM electrolysis
process was found to be within the range of values obtained from the secondary sources
and be comparable to the average value.

Then, an LCI data quality evaluation is focused on the key data sources used to select
the PEM electrolyzer’s input parameters in the process model. The evaluation of critical
parameters that are used to model the PEM process is described below:

1.  The most important parameters (electrolyzer stack efficiency) that affect the elec-
trolyzer electricity consumption were obtained from literature [30]. This technoeco-
nomic assessment study analyzes the H; production costs of a state-of-the-art PEM
electrolyzer. Technical data from four independent electrolyzer companies were ob-
tained through questionnaires, and an engineering system performance model was
developed from these inputs to create a generalized electrolyzer system engineering
design consistent with the diverse industry input from electrolyzer manufacturers.
Hence, these parameters can be considered primary data valid until 2020.

2. The anode and cathode pressures are based on literature [31], which is a review
paper on high-pressure PEM water electrolyzers. The data are sourced from the
average pressure of commercial PEM based on a market survey result of 11 active
manufacturers marketing large-scale PEM electrolyzer systems.

3. Heat losses and hydrogen diffusion to the anode were based on literature [32], which
is a process simulation of alkaline electrolysis operation and experimental validation
study using a 10 kW bench scale setup.

4. The thermal management and cooling system parameters of the PEM electrolyzer
were based on literature [33]. This study models heat generation and its management
for a PEM electrolyzer. The models are based on state-of-the-art technology at the
time of the study (2019) and hence can be considered secondary data.

5. Faradaic efficiency of hydrogen production was obtained from literature [34]. The
data are sourced from an experimental lab-scale PEM electrolysis setup of 0.4 kW.

6. The majority of data sources used to model the PEM electrolysis plant are from
2019-2022.

The data quality of process flows is assigned based on a pedigree matrix that evaluates
the data in terms of multiple criteria [35]. Data quality assessment provides a measure of
the representativeness of the unit process being studied, and results are typically included
as metadata along with LCI. In some cases, data quality assessment is used to achieve
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certain data quality goals required by the analysis. The following data quality indicators
(DQY) are typically used in measuring the data quality of each flow in a unit process dataset.

Reliability

Completeness

Time-related appropriateness
Geographical appropriateness
Technological appropriateness

Each DQI is given a score of 1 to 5 upon evaluation of data quality. Reliability
indicates the quality of data collection and validation methods. Completeness evaluates the
robustness of sampling methods and the amount of data points collected. Time-related and
geographical appropriateness measures representativeness in terms of correct geography,
such as country or region and the age of the data. Technological appropriateness measures
the gap between the goal and scope of the LCA study and the actual represented technology.
In addition to the data quality of the flows, the complete process data quality is evaluated
based on guidelines developed by the US EPA [35]. They include the following DQI.

e  Process completeness
° Process review

Table 2 shows an example of the key values of unit process datasets of water electroly-
sis, including flow names, units, quantities, and data quality parameters.

Table 2. Life cycle inventory of hydrogen production using PEM water electrolysis process.

Flow Name Value Unit Da(t;l?x:)l ity D?;ig:::; ty
Input flows (1,4
Deionized water required 9.1 kg (3,5,1,3,2)

Electricity required 55.2 kWh (3,5,1,3,2)

Output flows

Hydrogen produced 1 kg (3,5,1,3,2)

Oxygen produced 8.0 kg (3,5,1,3,2)

3.2.3. Life Cycle Impact Assessment

The calculation of carbon intensity of H, produced via PEM technology was done
using openLCA and selecting an impact assessment method, IPCC (GWP-100), 2013. Also,
additional impact indicators were calculated using ReCiPe midpoint method [36]. The
resulting carbon intensity of hydrogen, 1.17 & 0.03 kg CO,/kg H,, was compared with
identified values from the literature, i.e., 30.01 & 0.85 kg CO, /kg Hj. The large difference in
the mean value is due to the fact that our case study used hydroelectricity for the electrolysis
process and studies in the literature used fossil-fuel-dominant electricity sources. Hence, it
is safe to conclude that there can be a statistically significant difference in hydrogen carbon
intensity based on electricity source.

Thereby, the LCA-based methodology is statistically validated by evaluating accuracy
and reliability from a comparison of the carbon intensity and input flow with great signifi-
cance with the mean and standard deviation of a group of LCA studies with similar LCA
elements such as system boundary, hydrogen technology, and functional unit.

Also, results for other impact categories calculated by the ReCiPe method are shown
in Table 3.
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Table 3. Life cycle impact assessment results using ReCiPe midpoint environmental indicators for

hydrogen production using PEM electrolysis.

Environmental Impact Catogory Result Unit
Mineral resource scarcity 0.00975 kg Cueq
Human non-carcinogenic toxicity 1.3809 kg 1,4-DCB
Human carcinogenic toxicity 0.15429 kg 1,4-DCB
Freshwater ecotoxicity 0.26103 kg 1,4-DCB
Water consumption 1.13287 m3
Marine ecotoxicity 0.32041 kg 1,4-DCB
Stratospheric ozone depletion 3.62 x 107° kg CFC11 eq
Land use 0.55658 m?a crop eq
Ionizing radiation 0.60945 kBq Co-60 eq
Freshwater eutrophication 0.00018 kg Peq
Terrestrial ecotoxicity 8.24127 kg 1,4-DCB
Marine eutrophication 258 x 107° kg N eq
Terrestrial acidification 0.00316 kg SO, eq
Fine particulate matter formation 0.00123 kg PM2.5 eq
Ozone formation, terrestrial ecosystems 0.00218 kg NOx eq

3.3. Implementation of Hy Production Datasets in the Collaboration Server

Figure 11 shows the organization of foreground data and background data in the
openLCA CS. The H; production unit process datasets, reference flow system, and data
quality systems were implemented as an online CS repository. The background LClIs are
not a part of the CS online repository. However, foreground and background LClIs share
the same reference flow system so that background LCls can remain in the local database
of each respective user. This implementation eliminates the need to host large background

databases in the CS.

Foreground LCI
(H, production)

Reference flow
system (Ecolnvent)

Background LCI
(Ecolnvent database)

Figure 11. Organization of the foreground and background datasets relating to H2 production.

Each user can fetch the updated foreground LCI data for H, production from the
CS and establish the linkage between foreground and background data by selecting the
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appropriate providers of the unit processes. Table 4 provides suggestions for selecting
appropriate background process providers.

Table 4. Flows of foreground system and suggested background system processes from ecoin-
vent database.

Flow Name Background System Process

Monoethanolamine market for monoethanolamine | monoethanolamine {GLO}

Zinc oxide market for zinc oxide | zinc oxide {GLO}

market for aluminium oxide, metallurgical | aluminium oxide,

Aluminium oxide metallurgical {GLO}

Copper oxide market for copper oxide | copper oxide {GLO}

Activated carbon market for activated carbon, granular | activated carbon, granular {GLO}

treatment of wastewater, average, capacity 5E91/year | wastewater,

Wastewater average {CA-QC)

Steam §team plTodu.ction, as energy carrier, in chemical industry | heat, from steam,
in chemical industry [37]

Nitrogen market for Nitrogen, liquid [37]

KOH market for potassium hydroxide | potassium hydroxide {GLO}

Polyacrylic acids market for Acrylic acid {GLO}

Sulfuric acid market for Sulfuric Acid {GLO}

Caustic soda market for Caustic Soda {GLO}

Chlorine market for Chlorine {GLO}

3.4. Life Cycle Sustainablity Assessment

A life cycle sustainability assessment (LCSA) framework ideally consists of three
sustainability pillars: environmental, economic, and social. Often one, two, or three pillars
are combined in sustainability reporting depending on if the focus is on viability (economic
plus environmental), bearability (environmental and social), or equitability (economic and
Social). In the literature, often environmental and social [38] or exclusively social [39]
LCA have been performed. The social LCA follows UNEP/SETAC guidelines, which
were developed based on the environmental LCA framework, including goal and scope
definition, social LCI development, social impact assessment, and interpretation stages [40].
To build consistency in the sustainability reporting, the current proposed data hub platform
needs to be extended to social and economic aspects as well. Hence, LCSA considering
economic, social, and environmental aspects is a future direction for the data hub.

4. Conclusions

This study emphasized the importance of harnessing open data and developing an
open-access data hub for comprehensive life cycle assessments (LCA). For this, data sharing
and data interoperability are critical. This will help timely data accessibility to accelerate the
deployment of climate change solutions. The use of the LCA framework in conjunction with
open platforms, such as the openLCA collaboration server, and the concept of a federated
open data platform was introduced. In addition, the integration of a web interface will help
facilitate the widespread use of the proposed integrated data hub. The linkage of datasets at
different levels will enable traceability and transparency of sustainability assessments and
reporting. Future efforts should focus on the further development of the proposed data hub,
ensuring that it becomes an accessible and user-friendly platform for LCSA practitioners.
This involves the advancement of the IT infrastructure, particularly the creation of a user-
friendly web interface platform. Additionally, this platform would benefit greatly from
ongoing testing and refinement using diverse case studies to increase its reliability. The
design and functionality of the platform should be improved based on user input from
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these case studies in order to better serve the larger LCSA community. Training programs
should be created that are essential in promoting the wide acceptance and utilization of the
platform and ensuring users utilize the platform efficiently. It is crucial to keep in mind
that the goal is not only to develop an innovative platform but also to make sure that it can
be useful and accessible to the target community.

Limitations

Regarding the hierarchy of datasets presented in this study, LCI and EPD datasets have
some standardization on the format and content of the data. However, when it comes to
scientific and technological datasets and high-level decision-making/proxy datasets, there
are no standard structures or formats. These datasets can vary significantly in terms of data
structure, data formats, and size. Although the proposed data hub platform in this study
provides high-level linkages and infrastructure for the linkage of scientific/technology
datasets and high-level decision-making datasets, further work is required to specify the
connections between datasets with varying structures and formats. We suggest achieving
this in terms of semantic models, in which the conceptual linkages are modeled depending
on the type of data available in scientific/technology datasets.
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