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Abstract: Fossil fuels are being progressively substituted by a cleaner and more environmentally
friendly form of energy, where hydrogen fuel cells stand out. However, the implementation of
a competitive hydrogen economy still presents several challenges related to economic costs, required
infrastructures, and environmental performance. In this context, the objective of this work is to
determine the environmental performance of the recovery of hydrogen from industrial waste gas
streams to feed high-temperature proton exchange membrane fuel cells for stationary applications.
The life-cycle assessment (LCA) analyzed alternative scenarios with different process configurations,
considering as functional unit 1 kg of hydrogen produced, 1 kWh of energy obtained, and 1 kg of
inlet flow. The results make the recovery of hydrogen from waste streams environmentally preferable
over alternative processes like methane reforming or coal gasification. The production of the fuel cell
device resulted in high contributions in the abiotic depletion potential and acidification potential,
mainly due to the presence of platinum metal in the anode and cathode. The design and operation
conditions that defined a more favorable scenario are the availability of a pressurized waste gas
stream, the use of photovoltaic electricity, and the implementation of an energy recovery system for
the residual methane stream.

Keywords: life-cycle assessment (LCA); hydrogen recovery; fuel cell; ammonia purge gases; coke
oven gases

1. Introduction

As the rural population is progressively moving to urban areas and cities, more and more people
are being exposed to pollution levels that exceed the recommended levels for air quality. This situation
is more critical in undeveloped and developing countries, but even in developed countries, more than
50% of the cities cannot achieve the air quality levels declared by the World Health Organization [1].
Energy-related activities, such as industrial sectors or buildings, are significant stationary sources of air
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pollution, specifically for CO2 emissions [2,3]. Energy consumption of buildings is among the largest
of society, accounting for around 40% of the total energy consumptions and 36% of greenhouse gases
(GHG) emissions in Europe [4]. Within this sector, residential buildings constitute about 75% of the total
European building floor area, and suppose a worldwide energy consumption of approximately 30% [5].
This makes this sector an attractive target for the use of more environmentally friendly fuels and energy
technologies. These cleaner fuels to replace traditional fossil fuels, are expected to play an essential
role in the achievement of healthy urban air quality standards, and reduce pollutant emissions [6].

Hydrogen fuel cells are efficient electrochemical energy conversion devices with very low
emissions; therefore, they must be taken into consideration to implement alternatives for clean power
generation for stationary applications. A hydrogen fuel cell works by consuming oxygen and hydrogen
as reactants, using electrochemical processes to produce electrical energy as the output, meaning water
is the only emission. Among hydrogen fuel cells, the Polymer Electrolyte Membrane (PEM) fuel cell
is a highly promising technology thanks to its high power density, high efficiency, low emissions,
rapid start, and additional advantages [7,8]. Therefore, although hydrogen is still extensively used as
chemical feedstock (refinery processes, ammonia production, coal refinement, organic and inorganic
synthesis, metallurgy, etc.), hydrogen demand as an energy carrier is expected to rise significantly in
the near future in all economy sectors (road transport, buildings, and industry) [9], within a new energy
scenario based on the implementation of a hydrogen economy. The definitive characteristics of this new
hydrogen economy will depend on the solutions provided to the pending challenges, since considerable
improvements are still needed to guarantee the competitiveness of hydrogen conversion devices.
Nevertheless, the resolution of these aspects does not look unrealistic in the mid-term, which explains
the increasing research interest and policy support for these technologies worldwide [10]. Among
the challenges, hydrogen production is a critical cornerstone of this new hydrogen economy [11].

As in the case of electricity, since hydrogen is a secondary source of energy, it can be obtained
from different primary sources, including fossil resources (oil, coal, natural gas) or renewable energies
(biomass, wind, solar, etc.) [12]. Based on the nature of the chemical process, the hydrogen production
methods can be categorized into thermochemical, electrochemical, and biological methods [13].
The well-established industrial hydrogen production methods include steam methane reforming,
auto-thermal reforming, gasification of coal, and partial oxidation of hydrocarbons, but electrolysis of
water into hydrogen and oxygen using electricity has gained relevance in the last few years [14–16].
An interesting alternative source of hydrogen, not fully developed yet, is its recovery from industrial
waste gas streams. Several examples of waste gas streams rich in hydrogen can be identified, and
this work has focused on two different options. On the one hand, ammonia-based production can be
a promising sector to obtain safe and affordable hydrogen [17]. In the synthesis section of ammonia
plants, the unconverted synthesis gas that involves methane as inert gas is recirculated to the reactor.
To avoid conversion, decrease (due to methane accumulation, a fraction of unconverted synthesis
gas) is purged. These ammonia purge gases (APG) consist mainly of H2 (54–58%), N2 (23–26%), CH4

(14–16%) and Ar (<5%) [18,19]. The hydrogen is mostly recovered and recycled to the synthesis loop via
membrane contactors or cryogenic systems, but some part of the cleaned purge gas is usually added to
the reformer, or even directly released to the atmosphere [20]. On the other hand, coke oven gas (COG)
is a typical by-product in the coking process of coal and can be considered as a potential feedstock for
hydrogen recovery. During the coking process, the volatile coal matter is transferred to form COG,
leaving carbon-intensive coke behind [21]. The obtained COG consists mainly of H2 (58–60%), CH4

(23–27%), CO (5–8%), and CO2 (<3%) [22,23]. Through this recovery method, these waste streams can
be upgraded instead of burnt off in torches or, in the worst, directly emitted into the atmosphere [24].
Although sometimes COG is employed as fuel in the actual coke ovens or in alternative processes, this
practice represents seriously ineffective use of energy when compared to the recovery of hydrogen.
However, the recovery of hydrogen from these waste streams requires additional separation stages,
which may imply significant amounts of energy and additional economic costs.
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Although hydrogen is a clean carbon-free fuel, the environmental performance of the production
processes depends on the primary sources (fossil fuels or renewable energy) and the specific
process [25,26]. The primary energy inputs and the raw materials required in each process determine
the environmental impact and sustainability of hydrogen production. Therefore, comprehensive
analyses are needed to evaluate the suitability of each process to contribute to the hydrogen economy
scenario. Life-cycle assessment (LCA) is a well-defined methodology to assess the environmental aspects
and potential impacts associated with energy production [27–29], which has been extensively applied
to hydrogen production options, such as steam methane reforming, gasification or ethanol reforming,
so a relatively high number of LCA studies of hydrogen energy systems can be found in the scientific
literature [30]. However, from our understanding, there is no study focused on the environmental
evaluation of the upgrading of industrial waste gas streams to obtain high-quality hydrogen.

Therefore, the main objective of this work is to realize an LCA of the recovery of hydrogen
from residual gas streams from two industrial processes to use it as feed in a high-temperature PEM
fuel cell (HT PEMFC). HT PEMFC typically operates at ≥160 ◦C and atmospheric pressure, with dry
feed gases, and they have the advantage that they are tolerant of higher concentrations of carbon
monoxide (ca. 2%) in hydrogen than low-temperature PEMFC. Although reducing costs and improving
durability are two well-known challenges to implement fuel cells, a challenge that should never be
neglected is precisely the origin of the need to change the energy production system: The production
of energy with minimal environmental impact. Consequently, evaluating the environmental impact of
innovative energy technologies is required, and LCA is the best tool to achieve the goal. The assessment
of the environmental impact of emerging technology, such as the proposed recovery process, is
not an easy task [31]. Therefore, this purpose implies the development of the LCA methodology,
including the definition of the objective and scope, description of the limits of the systems, and
consideration of different functional units. The inputs and outputs of the system were compiled
to obtain the corresponding life-cycle inventory, based on material and energy balances to develop
the modeling of the system. Finally, the environmental impacts associated with the proposed processes
were evaluated, paying special attention to identifying the critical stages and adequate design and
operation conditions, and compared to alternative hydrogen production processes.

2. Methodology

2.1. Goal and Scope

This work covered the environmental evaluation of hydrogen recovery processes from two
residual gas streams obtained in the production of coke and ammonia to use the recovered gas as feed
to an HT PEMFC stack for stationary applications. Therefore, the main objective was the quantification
of the environmental impacts and hot spots of the complete system and the loads attributable to
the different stages of the process to identify the ones with greater environmental effects.

In addition, the hydrogen recovery was compared to other conventional hydrogen production
options to have a better understanding of the most sustainable options and try to improve
the competitiveness of the hydrogen recovery. Within this framework, the scope of this work
included the processes for recover hydrogen with the purity level required to be used as feed for HT
PEMFC from waste gases obtained in industrial production of coke and ammonia and the recovery of
electric energy from the gases discarded during the recovery process. The two streams considered for
hydrogen recovery were the tail gas of a coke oven (COG) and the ammonia purge gas (APG). This
study followed the LCA methodology according to the ISO 14040 [32] and 14044 [33] requirements.

2.1.1. Function and Functional Unit

The overall function of the system is the recovery and purification of hydrogen from two waste
streams, and the use of this product for electricity production. The functional unit (FU) should reflect
this function allowing the comparison in the life-cycle inventory [34]. The FU is the measurement of
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the function of the systems analyzed that enables these to be totally comparable among them. Due
to the fact that a separation process was included here, so hydrogen is an intermediate product for
the final electricity generation, it is reasonable to perform a fair comparison to other previous published
references, which entails the definition of three different output-based and process-based functional
units to reach all the intended functions:

• Function 1: Generation of one unit of mass of the hydrogen at the requested purity of 99.97%,
imposed on feeding a PEM fuel cell for stationary applications (Type I, Grade D) [35]. Based
on this function, 1 kg of hydrogen with a molar purity of 99.97% was selected as a functional
unit. This FU enabled direct comparison versus conventional hydrogen production processes to
evaluate the possible environmental benefits associated with the recovery of the compound from
waste gases.

• Function 2: Generation of one unit of electrical energy in the PEM fuel cell. To evaluate this
function, the FU was 1 kWh of energy obtained from the fuel cell, which provided further
information about the environmental burdens associated with the complete process and its
viability as an energy source.

• Function 3: Treatment of one mass unit of the residual gas stream. As a result, the FU chosen
was 1 kg of COG or APG introduced to the system, which allowed the analysis of the influence
of the type of residual gas stream selected on the entire process. This function and FU were
considered to benchmark against no treatment for the leaving gas stream. Therefore, it can
be guaranteed that the recovery and further electricity generation is better from a life-cycle
perspective than the direct release to the atmosphere.

The most common functional units are grouped into fuel production in units of energy [36]; mobile
application in units of covered distance [37], system production based on the power of the fuel cell [38],
the type of vehicles [39], the type of fuel cell [40] or units of the area of the electrode [41]. However, it
is possible to use two functional units at the same time and discuss the differences [42]. The selection
of multiple functional units could be more accurate, providing better performance of the sustainability
of the system, making the study more comparable with other LCAs. The use of several functional
units was previously considered, in agricultural production systems [42], in food systems or waste
management systems to provide a complete overview of the study. For instance, this procedure was
considered when evaluating the management of several by-products [43], in fishmeal plants [44], or in
the consumption of pilchard [45]. Moreover, other studies proposed the use of a dual FU for dairy
products, combining both productivity and land use [46].

2.1.2. System Description and Boundaries

The limits of the systems are defined in Figures 1 and 2, where the flow diagrams for the APG and
COG processes are represented, respectively. Depending on the waste stream, different unit processes
were considered. In general terms, the system boundaries include H2 separation and purification,
methane separation (only for APG), a torch, a combustion engine, and the manufacture and use of
the HT PEMFC. The initial stage, for both APG and COG streams, was the separation of hydrogen for
its recovery, which required an adequate separation technique according to the feed concentration,
required purity, and conditions of the flow of entry. The use of pressure swing adsorption (PSA) was
considered the optimal option for this case. PSA can separate some gas species from a mixture of
gases under pressure according to the molecular characteristics of the species and their affinity for an
adsorbent material at near-ambient temperatures [47]. Two streams were obtained after implementation
of PSA: On the one hand, one stream was rich in hydrogen (99.97% purity), which can be used to feed
a PEM fuel cell for energy production; on the other hand, the remaining gas stream, with considerable
methane content. Consequently, this second stream was targeted for energy recovery. In the case
of COG, the resulting CH4 concentration was high enough to be able to be directly introduced into
a biogas combustion engine to produce electricity (solid blue line). For the APG, since the molar
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concentration of methane does not reach 50%, another separation was required to obtain once again two
streams: The first one achieved sufficiently concentrated CH4 levels to be introduced into the engine,
while the other stream was burnt in a torch to decrease the harmful effects of these emissions (solid blue
line). Nevertheless, in both cases, if methane recovery was not possible, the combustion of the gases in
a torch (dashed blue lines) was proposed.
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2.1.3. Assumptions, Hypotheses, and Limitations

Several assumptions have been proposed to define alternative scenarios that considered
modifications of the main process configuration. The main inputs of the systems are the energy
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requirements, and thus, the main limitations and assumptions are related to this resource. These
hypotheses are indicated in Figures 1 and 2 by the symbol “?”.

The main energy demand for hydrogen comes from the hydrogen compressor. In this unit, when
the inlet flow pressure was high enough, no additional energy was needed by the hydrogen compressor.
If the pressure was too low, the energy was required for hydrogen compression. Energy requirements
were calculated in Section S1 of the Supplementary Materials.

Regarding the electricity source, the use of renewable or non-renewable energy can be considered.
In the case of using non-renewable energy, the electricity required for the separation processes could be
obtained from the grid. In this type of analysis, the composition of the grid mix is essential, providing
a source of uncertainty. The Spanish grid mix comprises 55% of non-renewable energy, 39.6% from
nuclear, and 38.9% from combined cycle power plants. In renewable energy highlights the use of wind
energy (17.8%), photovoltaic (17.8%), and hydropower (15.1%). To achieve the Paris Agreement targets
of limiting global warming to well below 2 ◦C above pre-industrial levels and pursuing efforts to limit
it to 1.5 ◦C [1], a more sustainable and low-carbon economy and energy must be contemplated. The use
of renewable energy sources in the grid mix will help to achieve these goals. However, this change to
a more sustainable grid mix will have a strong influence on our study. Concerning renewable sources,
photovoltaic energy has been widely used as an alternative energy source at the laboratory, pilot plant,
and industrial scale, providing excellent results, especially in Spain, due the climatological conditions.
Therefore, this renewable source was proposed as a more sustainable scenario. Nevertheless, if we
consider this study at the European level, other renewable energies could be studied, providing
different results.

Finally, with regard to methane, the system could implement methane recovery after the hydrogen
separation. This recovered methane was employed to produce energy. If methane recovery was not
considered, then this gas stream was burnt in a torch. Therefore, the combination of the different
alternatives resulted in eight different scenarios (Table 1) to be applied for each gas stream (APG or
COG) that must be compared. The defined scenarios constitute a sensitivity analysis that contributed
to determine the critical points of the process and propose more sustainable alternatives to feed PEM
fuel cells, in particular, HT PEMFC.

Table 1. Characteristics of the different scenarios defined.

Scenarios E1 E2 E3 E4 E5 E6 E7 E8

Compression (Yes/No) Y Y Y Y N N N N
Electricity Source (Grid/Photovoltaic) G P G P G P G P

Methane recovery (Yes/No) Y Y N N Y Y N N

There are several limitations that must be considered in this work. One of the main limitations is
the assessment of the energy requirements for the PSA separation, which is based on the minimum
thermodynamic energy consumption for the separation of a gas mixture [48]. As a result, the real energy
consumption may fluctuate around the proposed levels. Another limitation is that the infrastructure
for the separation and combustion is not accounted for, which is typical for machinery that can last
periods over 20 years. Finally, it is important to note that this LCA is based on experimental data, since
this technology is being developed. The scale-up of the process and the use of PEMFC at the industrial
level could vary the obtained results.

2.1.4. Life-Cycle Impact Assessment Method

The life-cycle impact assessment (LCIA) included the mandatory phases according to ISO 14044:
Impact category selection, classification, and characterization. The LCIA has been carried out by
modeling the system with the GaBi 9.2 software [49], which allows transforming the values of
the life-cycle inventory into values of the chosen environmental impact categories. GaBi software
was selected because it is one of the leading software tools used for LCA, and it is a trusted product
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sustainability solution with over 10,000 users, including 500 companies, leading industry associations,
and innovative SMEs [49].

To quantify these environmental burdens, the impact evaluation method CML2010 developed by
Leiden has been selected [50], from which four categories were analyzed to have a global vision of
the impact of the process: Global Warming Potential (GWP 100 years) expressed in kg CO2 equivalent,
Acidification Potential (AP) expressed in kg SO2 equivalents and Abiotic Depletion Potential both
for elements (ADPE) measured in kg Sb equivalent and fossil fuels (ADPF) measured in MJ. LCIA
indicators were selected among those considered more relevant for this type of process, mainly related
to material energy and material requirements.

2.2. Life-Cycle Inventory

According to ISO 14044 [33], the life-cycle inventory (LCI) involves the compilation and
quantification of inputs and outputs of the system under study throughout its life-cycle. This
work includes a detailed description of the hydrogen recovery process, the energy production in
the HT PEM fuel cell, and the management of the residual gas stream obtained during the hydrogen
separation. The corresponding data inventory was prepared to quantify the energy and material
flow that enter and leave the systems. Resource consumption and emissions were considered in
the analysis. Primary data were obtained from own calculations, material and energy balances, and
experimental data. Secondary data were collected from the GaBi database [49] and Ecoinvent [51].
The LCI comprised the determination of flowrates and compositions of the APG and COG streams,
the energy requirements and materials flow in the separation of hydrogen, and the inventory of
the fuel cell. The LCI showed in Table 2 includes the material balances of the residual gas streams.
The inventory data has been obtained by developing material and energy balances for each process
unit, based on the flows and compositions of the input gas streams.

Table 2. Flowrates and compositions of the APG and COG streams.

Gas Stream
Flow Rate

(kg/h)
Molar Composition

H2 N2 CH4 CO2 CO

COG 1566 0.602 0.047 0.262 0.021 0.068
APG 137 0.610 0.220 0.170 0.000 0.000

The separation of hydrogen from the gas streams was considered as a basis to assess the required
energy demand and the corresponding mass flows. To determine these energy requirements, shown in
Table 3, the minimum work required to achieve a 99.97% H2 flow was calculated, which is the purity
necessary to operate the fuel cell according to the standard ISO 14687-2 [35]. The same operation is
performed for the separation of 50% methane in the APG stream. The necessary calculations and
equations are included in Section S1 in Supplementary Materials.

In the case of the outputs, various calculations must be performed to know the energy obtained
from the combustion engine, which is shown in Section S2 in Supplementary Materials, and the energy
obtained from the HT PEM fuel cell stack (experimental data provided by a collaborating institution
were employed). The emissions generated from the processes were calculated by the stoichiometry
of the combustion of the compounds. Nonetheless, depending on the scenario under consideration,
the energy inputs and outputs of the system varied, so Table 3 presents a summary of the main flows
for each alternative.

As expected, the fuel cell itself constituted a relevant input to the system. This device is made
of different basic elements, which comprise the membrane electrode assembly (MEA). These MEAs
comprise carbon (19.46 g), platinum (1.5 g), etc. Nevertheless, the end plates, the bipolar plate, and
the collectors were excluded from this study. The detailed information about the compositions of
the anode, the cathode, and the membrane is provided in Section S3 in Supplementary Materials,
together with the operating conditions and main characteristics of the fuel cell.
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To obtain the consumptions and emissions associated with each process, the environmental impact
of the complete system was evaluated using the LCA software GaBi 9.2. The GaBi [49] and Ecoinvent
databases [51] were used for the background system. Since several processes and products were not
available, proxy processes were created mainly based on the stoichiometry of the reactions.

Table 3. Energy balances of the system in different scenarios.

Gas
Stream

Scenarios

Inputs Outputs

Feed
Flow

(kg/h)

N2
Separation

Energy (kWh)

CH4
Separation

Energy (kWh)

Fuel
Cell

(Units)

Fuel Cell
Energy
(kWh)

Engine
Energy
(kWh)

COG E1/E2 1566 0 0 1 2927 6789
APG 137 0 2.7 1 245 128
COG E3/E4 1566 0 0 1 2927 0
APG 137 0 0 1 245 0
COG E5/E6 1566 555 0 1 2927 6789
APG 137 44 2.7 1 245 128
COG E7/E8 1566 555 0 1 2927 0
APG 137 44 0 1 245 0

3. Results and Discussion

This section provides the main outcomes of the study based on the three different functions and
functional units defined in the goal and scope stage. Therefore, the results will be referred to 1 kg
of hydrogen (Section 3.1); 1 kWh generated (Section 3.2); and 1 kg of the corresponding gas stream
(Section 3.3).

3.1. Life-Cycle Impact Assessment Based on Hydrogen Production

In this section, the FU under consideration was 1 kg of hydrogen with a molar purity of 99.97%.
The results obtained in each scenario for each impact category are shown in Figure 3.
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Figure 3. Environmental impact results of the APG and COG processes (FU = 1 kg H2) in the categories
(a) Abiotic Depletion Potential for elements (ADPE), (b) Abiotic Depletion Potential fossil fuels (ADPF),
(c) Global Warming Potential (GWP), and (d) Acidification Potential (AP).
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Regarding ADPE, the values obtained ranged from −1.73·10−6 to 7.8·10−6 kg Sb eq./kg H2 for
the APG case and from −7.87·10−6 to 7.95·10−6 kg Sb eq./kg H2 for the COG case. All the emissions
and avoided burdens associated with this category were due to the electricity demand and recovery
in the process, resulting in zero in scenarios 3 and 4, since there was no methane energy recovery
(no electricity production) and the stream was pressurized (no electricity demand). When electricity
from the grid was used (scenarios 1, 5, and 7), the ADPE values were more favorable than the ones
resulted from the use of renewable energy (scenarios 2, 6, and 8), because of the consumption of natural
resources required to produce photovoltaic panels [52]. The results corresponding to the COG stream
were more environmentally friendly than those of the APG stream in all the scenarios, except 7 and
8. This fact was a consequence of the higher energy spent in the COG case to separate the hydrogen
without recovery of energy from methane, so the emissions cannot be compensated as in other cases
(scenarios 1, 2, and 5). It was clear that in these three latter scenarios, the recovery stage of methane
produced more energy than the required one by the rest of the system, so negative ADPE values were
obtained associated with the energy credits. Consequently, the best conditions were found in scenario
1 (pressurized stream, energy recovery from methane, and electricity from the grid), while the worst
conditions were associated with scenario 8 (non-pressurized stream, without energy recovery from
methane and photovoltaic electricity). In relation to the ADPF, the values obtained were between −33.7
and 12.0 MJ for the APG case and −149.7 MJ/kg H2 and 12.2 MJ/kg H2 for the COG case. Like in the case
of the ADPE category, these impacts were directly linked to the electricity. However, in this case,
the use of photovoltaic electricity offered better results, and it was preferred to the use of electricity
from the grid. Therefore, in this category, the best value corresponded to scenario 2 (pressurized
stream, energy recovery, and photovoltaic electricity), while scenario 7 appeared as the worst option
(non-pressurized current, without energy recovery and electricity from the grid).

The values of GWP laid between 3.90. and 7.88 kg CO2 eq./kg H2 for the APG case and 1.27
and 15.24 kg CO2 eq./kg H2 for the COG case. The impact in this category was associated with both
the electricity used and the emissions from the torch and the combustion engine. The alternatives
in which there was no energy recovery of methane (scenarios 3, 4, 7, and 8) resulted in values
considerably higher due to the emissions derived from the burning of gases in the torch. The influence
of the pressurization of the input stream can be analyzed comparing scenarios 1 (pressurized stream,
with energy recovery and electricity from the grid) and 5 (non-pressurized stream, with energy
recovery and electricity from the grid), which only differ on the pressurization stage. A slightly higher
value was obtained in scenario 5, due to the emissions associated with the electrical consumption of
the compressor. In all cases, the use of photovoltaic energy generated fewer greenhouse gas emissions
than the grid. Comparing the APG and COG streams, it can be observed that for scenarios 1, 2,
5, and 6 the GWP values were lower for the COG case, while the opposite situation occurred in
the rest of scenarios. This was because the emissions, due to the torch handicapped, were much more
the COG stream than the APG one, since there was a lower content in CH4, CO, and CO2 in this latter
stream. Once again, like in the case of the ADPF category, the best environmental conditions were
associated with scenario 2 and the worst ones with scenario 7. Lastly, regarding AP, the values ranged
from −7.82·10−3 to 2.79·10−3 kg SO2 eq./kg H2 for the APG case and from −3.48·10−2 kg SO2 eq. to
2.84·10−3 kg SO2 eq./kg H2 for the COG case. A similar trend to that observed for ADPF was identified,
which can be justified because of the direct relationship between the emissions and avoided loads and
the consumption and generation of electricity. Consequently, once again, scenario 2 resulted in the best
option, while scenario 7 was the worst one.

To evaluate the potential environmental benefits derived from hydrogen recovery systems
proposed in this work, it was necessary to compare these options with the values corresponding to
other conventional hydrogen production systems. Bibliographic references that have applied LCA for
different processes ways to obtain hydrogen and the assessed environmental impacts are compiled in
Tables 4 and 5 for the GWP and AP impacts, respectively.



Appl. Sci. 2020, 10, 7461 10 of 19

As observed, the GWP values obtained in this study were generally lower than the results
published for steam methane reforming, which are above 10 kg CO2 eq./kg H2 [53–55], so hydrogen
recovery from waste gas streams appeared as a competitive alternative, even when the reforming of
alternative chemicals like methanol or ethanol was considered [56]. In the cases where the process
conditions were not favorable, such as scenarios 3, 4, 7, and 8 for the COG stream, the emissions
calculated were slightly higher, so the design and operation of the gas recovery system must be studied
in detail and optimized to assure the competitiveness of the process versus alternative options. In
the same way, coal gasification resulted in GWP values similar to the ones obtained by steam methane
reforming, so the proposed recovery systems can compete with this process too [53,56]. However,
regarding electrolysis, the source of electricity clearly defined the competitiveness of the process.
When renewable wind or photovoltaic energy was employed, the impact was lower than in the case
of the hydrogen recovery process, since electrolysis under these conditions must be considered
a clean and environmentally friendly process [53,57]. Instead, they use of electricity from the grid
resulted in a considerably higher GWP impact and must be avoided when compared to gas recovery.
Therefore, the recovery of hydrogen from waste gas stream must be considered among the most
environmentally friendly options, appearing competitive versus complex processes like supercritical
water gasification, chemical looping, advanced methane cracking, or tri-reforming [25,58,59]. When
the AP was investigated, which was the second most studied category just after GWP by the LCA
studies, the impact of the proposed recovery process was below 3.0 g SO2 eq. in the worst scenario,
with negative values (avoided burdens) for most scenarios even without optimization. Therefore, from
the perspective of this impact category, the recovery of the hydrogen from waste gas streams resulted
in a completely preferable option when compared to alternative production processes, most of them
with AP values above 10 g SO2 eq. [60,61].

Table 4. Greenhouse gases (GHG) impacts related to different technologies that produce hydrogen.

Production Process GWP (kg CO2 eq./kg
H2) Reference

Natural gas thermolysis 37.11 [62]
Steam methane reforming 11.89 [53]

Coal gasification 11.29 [53]
Electrolysis (wind energy) 0.97 [53]

Electrolysis (photovoltaic energy) 2.41 [5]
Steam methane reforming 10.56 [54]
Methane partial oxidation 10.70 [60]

Electrolysis (grid electricity) 30.50 [63]
Supercritical water reforming of glycerol 3.77 [64]

Electrolysis (wind energy) 0.68 [57]
Autothermal bioethanol reforming 4.36 [61]

Methane cracking (liquid-metal technology) 1.90 [59]
Steam methane reforming 11.50 [55]

Autothermal natural gas reforming 10.80 [55]
Syngas chemical looping 12.30 [55]

Chemical looping reforming 9.10 [55]
Chemical looping combustion thermally coupled

steam reforming 3.01 [25]

Supercritical water gasification (photovoltaic energy) 2.41 [58]
Electrolysis (USA mix electricity) 28.60 [56]

Coal gasification 23.70 [56]
Biomass gasification 4.40 [56]
Ethanol reforming 12.20 [56]

Methanol reforming 17.90 [56]
Methane reforming 13.80 [56]

Biomass gasification with methane tri-reforming 1.35 [65]
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Table 5. AP impact, related to different technologies that produce hydrogen.

Production Process AP (kg SO2 eq./kg H2) Reference

Steam methane reforming 0.008 [54]
Electrolysis (photovoltaic electricity) 0.028 [63]

Electrolysis (wind electricity) 0.003 [63]
Biomass gasification 0.034 [63]

Methane partial oxidation 0.008 [60]
Supercritical water reforming of glycerol 0.012 [62]

Autothermal bioethanol reforming 0.028 [61]
Supercritical water gasification (photovoltaic energy) 0.190 [58]

Electrolysis (USA mix electricity) 0.069 [56]
Coal gasification 0.011 [56]

Biomass gasification 0.016 [56]
Ethanol reforming 0.032 [56]

Methanol reforming 0.017 [56]
Methane reforming 0.012 [56]

3.2. Life-Cycle Impact Assessment Based on Energy Production

In this section, the functional unit considered was 1 kWh generated by the HT PEM fuel cell.
Therefore, in this system, in addition to taking into account the production of hydrogen, the manufacture
and use of the fuel cell were included too. The environmental impacts assessed for the APG and COG
cases are shown in Figures 4 and 5, respectively.
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Figure 4. Environmental impact results of the APG process (FU = 1 kWh) in the categories (a) ADPE,
(b) ADPF, (c) GWP, and (d) AP.
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Figure 5. Environmental impact results of the COG process (FU = 1 kWh) in the categories (a) ADPE,
(b) ADPF, (c) GWP, and (d) AP.

In the ADPE impact category, the values were between 2.56·10−6 and 3.13·10−6 kg Sb eq./kWh for
the APG case and between 2.19·10−6 and 3.14·10−6 kg Sb eq. /kWh for the COG case. Most of the impact
was attributable to the fuel cell, since the production of this device required scarce elements like
platinum. Although in scenarios 6, 7, and 8 positive values (environmental impacts) of the hydrogen
recovery stage occurred, the contributions were more significant in scenarios 6 and 8, which worked
with streams not pressurized that required the use of photovoltaic electricity. The rest of the scenarios
exhibited negative values (avoided burdens) for the hydrogen recovery stage, but the impacts, due to
the cell could not be compensated, since these latter were at least an order of magnitude higher in
absolute terms. Regarding ADPF, the values ranged from −1.95 to 0.81 MJ/kWh for the APG system
and from −8.94 to 0.82 MJ/kWh for the COG system. The negative values for the hydrogen recovery
stage obtained in scenarios 1, 2, 5, and 6 as a consequence of the energy recovery from methane must be
highlighted, since they clearly compensated the loads, due to the fuel cell operation. Since the recovery
stage generated more energy than the requirement of the full system, the resulting negative values
implied clear, environmentally friendly conditions in these scenarios. In scenarios 3 and 4, the impacts
were completely caused by the cell, due to the absence of electricity consumption, while in scenarios 7
and 8, there were impacts, due to the recovery of hydrogen since energy recovery from methane was
not implemented.

The GWP values fell in the interval between 0.28 and 0.52 kg CO2 eq./kWh for the APG system and
between 0.12 kg and 0.96 kg CO2 eq./kWh for the COG case. These results were in the range of values
that characterize the carbon footprint of natural gas-fired power generation [66,67]. The contribution
of the hydrogen recovery stage in this category is much greater than that of the cell, being between 82%
and 90% for the APG case and from 61% to 95% for the COG system. In the scenarios without methane
recovery (scenarios 3, 4, 7, and 8), the impact was significantly higher, and therefore, the contribution
of the hydrogen recovery stage is greater, due to the emissions produced in the burning of gases
in the torch. When the different streams were compared, the APG system was more suitable when
there was no energy recovery with a percentage of 5% lower, while when the combustion engine
is available, the COG system was better, with an improvement of around 20%. Regarding the AP
category, practically 100% of the impact was directly attributed to the cell, since the device contained
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elements that must be produced by means of manufacturing processes that can release acidifying
chemicals to the environment.

From the analysis that took into consideration both the hydrogen production stage and
the manufacture and operation of the fuel cell, the same conclusions that the case that investigated
only the hydrogen production stage were reached. On the one hand, the ADPE category considered
that the best conditions were found in scenario 1, and the worst ones in scenario 8. On the other hand,
for the rest of the categories, scenario 2 was the most environmentally friendly option, and scenario 7
the least preferable one.

Due to the great impact that the fuel cell had in some impact categories, mainly ADPE and AP,
the burdens associated with the manufacture of the cell were investigated in detail (Figure 6). As
observed, in three of the four categories studied (ADPF is the exception, since in this case, the membrane
is the most important contributor), the main impact was caused mainly by the production of the anode
and the cathode, with joint contribution percentages close to 100% in ADPE and AP and more than 80%
in GWP. These impacts were associated with the employment of platinum in the formulation of these
components. In the ADPF, the membrane appeared with a huge contribution, due to the electricity used
for its preparation. To have a better understanding of the relevance of the employment of platinum
in the fabrication of the anode and the cathode, a sensitivity analysis was carried out. To analyze
the sensitivity of the platinum loading, a hypothetical fuel cell without the noble metal was considered
to analyze the variation in the environmental impacts. The results revealed that significant reductions
were possible, since impact reductions close to 100% were achieved in ADPE and AP categories, while
a 84% reduction in the GWP value was possible. However, for the ADPF category, the obtained results
were similar to the ones corresponding to a cell with platinum anode and cathode.
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Figure 6. The relative contribution of the components of the cell to the environmental burdens.
A comparison with reference values reported from bibliographic references that applied the LCA
methodology to assess the environmental impact of FCs was carried out with two purposes: (i) To
know the reliability of the results obtained in the current study comparing with those taken as reference,
and (ii) to evaluate the benefits related to the use of H2 recovered from gaseous waste streams in
HT-PEMFC. References that have applied LCA for H2 recovery to its use in HT-PEMFC for stationary
applications have not been found, so the production method of steam methane reforming has been
considered for the comparison. In addition, most references assess the environmental impact of PEMFC
for mobile applications, as transportation is currently one of the most polluting sources, whereas, that
of HT-PEMFC for stationary applications is underdeveloped.
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For a stationary FC system, a GWP value of 0.69 kg CO2 eq/kWh was reported [68]. This value
was slightly higher than the one reported in this study considering the APG case, whilst it was in
the range of values obtained for the COG case. In scenarios without membrane recovery (scenarios 3, 4,
7, and 8 for COG), higher values in the GWP category are reached in this study. However, the system
proposed is generally a competitive alternative; being able to present a larger amount of benefits
once the design and operation optimization is carried out. Values of 0.81 and 1.00 kg CO2 eq/kWh
have been reported for mobile applications [69,70]. These impacts have also been considered as an
approximation to confirm the reliability of the impacts in relation to its magnitude, since the values
are quite similar or even larger than those published in this study. On the other hand, the great
contribution of the Pt production, which dominates the ADP elements and AP impacts, has been
reported by several authors [31,69]. This identifies the process as a hot spot of the manufacturing
phase, and evidence the necessity of variating the Pt load or developing advance catalyst formulations
that provide equivalent electrochemical performance of the system.

3.3. Life-Cycle Impact Assessment Based on Waste Gas Stream Management

In this section, the functional unit considered was 1 kg of the corresponding gas stream, and only
the scenarios with best and worst results in most impact categories (scenarios 2 and 7, respectively)
were directly compared. The results of both scenarios for each impact category are shown in Figure 7.
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Figure 7. Environmental impact results of the APG and COG processes (FU = 1 kg input stream) in
the categories (a) ADPE, (b) ADPF, (c) GWP, and (d) AP.

Regarding the ADPE category, the impacts in scenario 2 are not too far from those obtained in
scenario 7, with different values of 1.92·10−7 and 9.69·10−7 kg Sb eq./kg gas stream for the APG and
COG streams, respectively. These differences are only due to the hydrogen separation and methane
recovery stage, since equal values within each impact category corresponded to both scenarios for
the manufacture and use of the pile stages. The impacts in this category were linked to the electricity
required for pressurization and the presence of the combustion engine. According to the results,
the additional materials required for the engine in scenario 2 were compensated by the avoided
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electricity consumption in the hydrogen purification stage, and the global result lead to a more
environmentally friendly than the contrary situation implied in scenario 7. The analysis of both streams
demonstrated that the COG situation was more suitable for scenario 2, while the APG stream was
more convenient when scenario 7 was proposed. In relation to ADPF, all the values resulted negative,
so fossil fuel consumption was avoided thanks to the energy production in the fuel cell, and in the case
of scenario 2, the recovery of energy from the engine. In fact, this scenario 2 more than doubled
the emissions avoided in scenario 7, and the results were even better for the COG stream, characterized
by higher methane content.

The methane content of both streams was also a determining factor in the analysis of the GWP
category. In scenario 2, with methane recovery, the emissions avoided in the COG system were clearly
higher than the values corresponding to the APG stream. However, in scenario 7, when methane
recovery was not considered, the emissions, due to the higher methane of the COG stream content
favored the preference of the APG system. Nevertheless, both systems implied net emissions as both
GWP values were positive in scenario 7. In the baseline scenario that considered the null option,
which means that the gas streams were flared without further energy recovery, only GWP impacts
resulted, these being 0.74 and 1.62 kg CO2 eq. for the APG and COG streams, respectively. Therefore,
it can be concluded that the recovery process proposed clearly constituted an improvement, reducing
these values significantly in both cases. Finally, the AP category did not exhibit important differences
among all the results. Scenario 2 implied lower emissions, and the APG stream appeared slightly more
environmentally friendly than the COG system.

4. Conclusions

Nowadays, the emissions from stationary sources are based on the use of fossil fuels. However,
in the short-to-medium-term, the use of more sustainable resources will open the niche to new fuels,
such as hydrogen. The study of the environmental advantages and disadvantages of the obtention and
use of this product is essential to determine the best configuration. In this work, the environmental
assessment of the recovery of hydrogen from waste streams to use to feed HT PEM fuel cells was carried
out, applying the LCA methodology according to ISO 14040 and 14044. The stages of the complete
system have been individually studied to analyze the environmental impact of each one and study
the viability and competitiveness of the process.

This LCA defined several functions: The generation of hydrogen and electrical energy and
the treatment of residual gas streams (COG or APG). Based on these functions, we define several
functional units to provide a more accurate and comparable study. Thus, the results were referred to as
1 kg of hydrogen at the requested purity of 99.97%, 1 kWh of energy obtained from the fuel cell, and 1
kg of COG or APG.

The hydrogen recovery from waste streams resulted in environmental impacts between −7.87·10−6

and 7.95·10−6 kg Sb eq./kg H2 for the ADPE category, from −149.7 to 12.2 MJ/kg H2 for ADPF, from
1.27 to 15.24 kg CO2 eq./kg H2 for GWP, and from −3.48·10−2 to 2.84·10−3 kg SO2 eq./kg H2 for AP.
These impacts, specifically the GWP values, resulted lower than the impacts, due to steam reforming
of methane, coal gasification, or more complex hydrogen production alternatives like supercritical
water gasification, chemical looping, advanced methane cracking, or tri-reforming. Only electrolysis
of water by means of renewable energies, such as wind or solar, showed values that could improve
the environmental impact of the proposed recovery process, since electrolysis by grid electricity based
on fossil fuels appeared disadvantageous from an environmental perspective.

For the production of 1 kWh, the complete system that comprised both the hydrogen production
stage and the manufacture and use of the PEM cell showed low values in the ADPE, ADPF, and AP
categories. In the case of GWP, values between 0.28 and 0.52 kg CO2 eq./kWh and 0.12 to 0.96 kg
CO2 eq./kWh were calculated for the APG and COG streams, respectively. These impacts were
comparable to the range of values of the carbon footprint of energy generation by means of natural gas.
Furthermore, it was demonstrated that in the GWP and ADPF categories, the greatest impacts were
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caused by the recovery stage, while in the other two categories, the cell implied higher burdens. These
latter burdens were mainly caused by the platinum used in its composition, so an alternative process
in which this component could be reduced to a lower level could decrease GWP impacts by up to
84%. Regarding the stream used, it can be concluded that depending on the impact category studied,
the advantages of using one type or another of flow varied. To clearly identify the most convenient
option, a more exhaustive study should be carried out, taking into account a greater number of impact
categories, so that it can be observed in detail which option can provide more environmental benefits.

The analysis of the alternative scenarios found that having a pressurized waste stream meant
considerable energy savings, since no compressor was required, which translated into lower
environmental impacts in all the categories studied. The recovery of methane supposed a relevant
improvement in the complete process—since, on the one hand, it avoided to burn the residual gas flow
in a torch producing harmful emissions, while, on the other hand, it allowed the recovery of additional
energy. Lastly, the selection of photovoltaic electricity instead of the grid resulted in more suitable for
the ADPF, GWP, and AP categories, while in the ADPE, the photovoltaic energy exhibited slightly
worse values.

To conclude, this paper provides a complete overview of the environmental benefits and impacts
of the obtention and use of hydrogen, determining the energy requirements and savings from cradle
to gate. The use of LCA determines the best scenario in terms of hydrogen production, energy
production, and residual gas stream, helping the decision-making process and laying the foundations
for further studies.
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