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Abstract: The oil and gas industry generates a significant amount of harmful greenhouse gases that
cause irreversible environmental impact; this fact is exacerbated by the world’s utter dependence on
fossil fuels as a primary energy source and low-efficiency oil and gas operation plants. Integration of
solid oxide fuel cells (SOFCs) into natural gas plants can enhance their operational efficiencies and
reduce emissions. However, a systematic analysis of the life cycle impacts of SOFC integration in
natural gas operations is necessary to quantitatively and comparatively understand the potential
benefits. This study presents a systematic cradle-to-grave life cycle assessment (LCA) based on
the ISO 14040 and 14044 standards using a planar anode-supported SOFC with a lifespan of ten
years and a functional unit of one MW electricity output. The analysis primarily focused on global
warming, acidification, eutrophication, and ozone potentials in addition to human health particulate
matter and human toxicity potentials. The total global warming potential (GWP) of a 1 MW SOFC
for 10 years in Qatar conditions is found to be 2,415,755 kg CO2 eq., and the greenhouse gas (GHG)
impact is found to be higher during the operation phase than the manufacturing phase, rating 71%
and 29%, respectively.

Keywords: emissions; CO2; GWP; functional unit; natural gas; SOFC

1. Introduction

Energy must provide a broad range of essential societal services even though it
comes with significant adverse environmental impacts depending on the energy source
and technology used. The continuing development of more sustainable energy resources
and deployment of new technologies aims to reduce such negative energy impacts while
maximizing its benefits to a better balance between opportunities and energy cost—and
ultimately to overcome difficulties related to efficiency.

Fossil fuels are currently the world’s primary energy source, generating more than 75%
of the total energy demand; this is estimated to remain as such for many years to come [1].
However, fossil fuel combustion is the primary source of GHG emissions that cause global
warming [2]. Current economic development depends heavily on exploiting fossil fuels,
which will be difficult to sustain indefinitely [3]. Therefore, the energy sector must seek
to reduce CO2 emissions significantly. There is a logical and moral obligation to consider
the negative environmental impact of GHG emissions and broaden the industry’s focus
beyond economic wealth creation. Therefore, to achieve sustainable development in the
energy sector, industries should look for alternative processes that reduce CO2 emissions.

Solid Oxide Fuel Cells (SOFCs) are a new, cleaner technology based on hydrogen and
electrochemical reaction to generate electricity. SOFCs are highly efficient at producing
minimal emissions [4] and can be used to improve the efficiency of oil and gas plants
while reducing CO2 emissions. Integrating SOFC into the oil and gas industry could be
an effective method of efficient energy production and application. More details on SOFC
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types, usages, and challenges can be found in “Integration of Solid Oxide Fuel Cells into
Oil and Gas Operations: Needs, Opportunities, and Challenges” [5].

However, long-term, broader, and multi-dimensional impacts of SOFC integration
into natural gas operations must be studied to demonstrate their benefits quantitatively.
A Life Cycle Assessment (LCA) can be used to evaluate the environmental impact of
SOFC manufacturing and operations, compare different integration scenarios in oil and
gas plants, and clarify how different kinds of integration of SOFC in oil and gas can reduce
emissions. An LCA consists of several multipurpose steps used to gather and explore all
inputs and outputs of a product in addition to its possible environmental impacts. This is
done for the entire life cycle, from the raw material collection and manufacturing, usage,
maintenance, and disposal or repurposing [6]. The environmental management standards
ISO 14040 and ISO 14044 (both issued in 2006) form the basis for the systematic LCA.

This study presents a systematic cradle-to-grave life cycle assessment (LCA) based on
the ISO 14040 and 14044 standards using a planar, anode-supported SOFC with a lifespan
of 10 years and a functional unit of 1 MW electricity output designed to be integrated into
a proper natural gas operation.

This study will have the following features:

• The SOFC in this LCA study is fueled by natural gas and operates in a natural gas
plant, while many other similar studies on SOFC LCA are based on a fuel other than
pure natural gas or used in a domestic and residential area.

• Utilizing the SOFC in a natural gas plant will eliminate unnecessary flaring of natural
gas.

• Take advantage of the presence of natural gas in Qatar at a reasonable cost as fuel to
SOFC.

• GWP from the operational phase of SOFC in Qatar is much less than operating SOFC
in other countries.

• Availability of data from this LCA study will allow for comparison with LCA results
of traditional power generation used in the gas processing plant.

• The ratio of GWP between the manufacturing and operation phases is aligned with
the results from other SOFC LCA studies.

• The gas plant can generate its own electricity using SOFC which will result in less
environmental impact compared to other traditional power generation.

The following section comparatively summarizes and analyzes the relevant literature
on the LCA and its application to energy, oil and gas operations, and SOFC; the next
section presents the methodology followed in this study and describes the conditions, data
collection, and justifications; the third section presents the results, findings, and discussions
in detail, and the conclusions are comparatively presented in the fourth section.

1.1. Background

The LCA has become an appropriate and effective tool for evaluating matters related
to resource depletion and environmental degradation [6]. From 1994 to 2014, LCA studies
in the energy sector increased by 60% [6]. An LCA involves four stages: goal and scope,
life cycle inventory analysis (LCI), life cycle impact assessment (LCIA), and interpretation.
The first stage identifies the functional unit and system boundaries and then defines
the assumptions, limitations, and allocations (if any) in addition to selecting the LCIA
method. The second phase involves conducting an inventory of flows, including all inputs
of water, energy, and raw materials and emissions to the air, land, and water. The third
phase selects the impact categories, category indicators, and characterization models. The
last step evaluates the results’ completeness, sensitivity, and consistency while providing
conclusions and recommendations.

Most LCA studies of SOFCs follow the cradle-to-grave approach for system bound-
aries. However, many exclude the manufacturing and disposal stages due to the assump-
tion that most environmental impacts are caused by operation and fuel production [7–10].
The decision to add or remove a specific step is based on the goals set in a particular study.
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It is possible to leave out activities that do not affect the overall understanding of the analy-
sis and continue to consider the relevant issues with the LCA [7]. Environmental, health,
economic, and political problems have influenced studies analyzing SOFC environmental
performance and compared them with traditional power generation in many different
fields [7].

Using different methodologies in SOFC LCA studies led to differences in FU and
system boundary choices, among others. This, along with the unavailability of up-to-date
inventory data, made comparisons and evaluations of these studies’ outcomes complex [7].
One common problem is data availability [11], as detailed data for materials used in SOFC
production are not released by manufacturers due to concerns regarding confidentiality
and market competitiveness [7].

The CML method is commonly used in LCAs; it includes ten impact categories, is
flexible, gives accurate results, and is transparent [7]. Buchgeister used three different
LCIA methods (Eco-indicator 99, CML 2001, and Impact 2002) for SOFCs fueled by gasified
biomass fuel, noting that overall environmental impacts are differed [12]. The study
recommended using more than one method to reach a uniform outcome, as a single
approach could provide weak signals due to discrepancies in LCIA methods. For example,
a midpoint (or problem-oriented) approach usually focuses on actions like emissions relief
and resource usage along impact pathways like GWP, AP, and EP. An endpoint (or damage-
oriented) approach focuses on the final impacts linked to outcomes (like human health)
along impact pathways like AoP [7]. The IPCC methodology mainly focuses on GHGs
such as CO2, CH4, and N2O.

CO2 emissions from SOFC production are negligible compared to those generated
during operation. In contrast, the harmful emissions produced by other gases (e.g., SO2,
CO, NOx, and SOx) are negligible during the process but are generated during production—
though it only affects the area around the factory [8]. The latter contributes to acidification
in local land and water systems and the development of volatile compounds that influence
ozone levels and human health [11]. A SOFC operation contributes most life cycle emissions
due to the fuels used should not be an excuse to eliminate the manufacturing phase from
its LCA, as the supply chain may vary by location, energy mix, and other factors [7].

Nigel and Brunel demonstrated a 75–93% reduction of CH4, NMHCs, PM, and CO
through SOFCs rather than traditional systems [13]. Jakob and Hirshberg [14] showed
that SOFC use reduced GWP by 50% and required up to 20% less energy than traditional
systems like gas boilers. Herron proved that SOFCs in three American cities produced
almost no harmful gases like NOx, PM2.5, PM 10, and SOx, unlike three types of traditional
systems (natural gas combined with cycle plants, coal-fired plants, and nuclear plants) and
achieved superior performance [9].

The SOFC disposal phase has been ignored by many studies, especially those before
2011, mainly due to unknown strategies for SOFC end-of-life practices and a lack of
relevant data. Mehmeti et al. considered the inclusion of SOFC disposal in LCA studies
to be optional, recommending conducting a sensitivity analysis to account for the LCA’s
numerous uncertainties and so that this process could detect significant factors affecting
the overall performance [7].

1.2. Literature Review

The electrical mix plays a significant role in determining emissions results for CO2
and GWP, as the operational phase of SOFCs accounts for approximately 75–97% of life
cycle environmental influences [15]. As fuel production and supply contribute to around
97% of the impact on ODP, ADP, and PED, the selection of fuel types has a significant effect
on the results of the SOFC LCA. During SOFC production using the UK mix grid, 60% of
CO2 release occurs during sintering of the SOFC cell, and the remainder is related to fuel
processor and DC/AC power converter production as part of the BoP [16]. A recycling rate
of 75% will reduce GWP by 8–11% [16].
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Lee et al. argued that the manufacturing and end-of-life phases have little impact
on the environmental burden of a SOFC system (2.1–9.5% and <0.6%, respectively; [10].
Within the manufacturing stage, stack production contributes approximately 72% of the
total environmental impact for planar SOFC and 28% for BoP, mainly due to the utilization
of stainless steel and chromium alloys that require more energy during production. Strazza
et al. noted that the level of environmental impact during manufacturing is based on the
quantity of steel and the type of energy mix used; the worst case is coal-based energy,
demonstrating that the ecological implications of SOFC manufacturing depend on the
production location [17]. That study also observed that, when using the midpoint LCA
approach, natural gas is recommended for lower AP and POCP, but that for ADP, EP, GWP,
ODP, and PED, biogas shows better results. Although H2 has better results than GWP and
ODP, it is higher in POCP, EP, and AP. However, leaks from gas plants or pipelines can
contribute significantly to overall emissions since CH4 contributes to GWP by a mass ratio
of 25 CH4 to 1 CO2 [18].

Sadhukhan emphasized that GWP, AP, and POCP are the most essential categories
for evaluating different technologies (based on the Monte Carlo analysis). The SOFC LCA
for these categories produces lower results than internal combustion engines micro gas
turbines for distributed power generation [19]. Lin et al. stated that GWP is the only
category impacted by a SOFC operation, during which CO2 emissions represent 80% of
total life cycle emissions [20]. Sadhukhan also argued that using SOFCs could eliminate
PM2.5 and N2O emissions, which contribute more to GWP than CO2 given the mass ratio of
298:1 between N2O and CO2; N2O also impacts EP and POCP [19]. Strazza et al. provided
further details on environmental impact per category, stating that ADP, ODP, GWP, and
PED accounted for as little as 2% of the total life cycle environmental impact during the
manufacturing and end-of-life stages. However, this rose to approximately 10–32% for AP,
EP, and POCP [17].

Nease and Adams used the ReCiPe 2008 method to evaluate the life cycle impact,
showing that the effects of the manufacturing phase affected climate change mainly for the
fossil fuel and metal depletion categories, equaling approximately 9% for one year [21,22].
Nease and Adams claimed that, even with the uncertainties, SOFCs were better than
NGCCs and were better than supercritical pulverized coal by 45.8% in life cycle influ-
ence [22]. Baratto and Diwekar also showed that using SOFCs instead of diesel engines in
trucks decreased PM by 82.08%, HC by 92.65%, NOx by 99.1%, CO by 97.77%, and CO2 by
64.32% [8]. Reenaas et al. analyzed several fuel types for combined SOFC-GTs in Norway.
They confirmed that, mainly due to less transportation, domestic LNG had 60% less GWP,
85% less POCP, and 90% less AP when compared with imported LNG and sulfur-free
diesel [23]. Besides, the use of SOFC-GT in marine applications instead of diesel engines
contributed to reductions of 35–93% in GWP, POCP, and AP [23]. Lin et al. conducted
a fuel-type comparison for SOFCs between APUs and diesel engines in trucks, finding
that a SOFC fueled by biodiesel was the most environmentally friendly system [20]. This
required 14.5 times less fuel than diesel engines and emitted five times fewer GHGs, while
no re-design of the fuel system was necessary since the fuels had similar physical and
chemical compositions [20].

Concerning disposal, Cánovas et al. argued that a 70% recycling rate would result
in a 7.5% reduction in life cycle impact, primarily due to lower carcinogen emissions [15].
Strazza et al. stated that nickel was the most recyclable portion of SOFCs while ceramics
will end up in landfills [17]. However, Nease and Adams showed that decommissioning
large SOFCs can require large amounts of fossil fuel and produce more emissions [22].

Reenaas also confirmed that overall the LCA was not sensitive to changes in the
durability of SOFC-GTs. Increasing SOFC life to 10 years from 5 years would only increase
the GWP, AP, and POCP by 3% at most but would reduce SOFC efficiency by 20% and lead
to 6% increases in GWP and AP and 33% in POCP [23].
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1.3. Objectives

The general purpose of this LCA study is to understand the impact of SOFCs on
environmental values and provide a basis for comparisons of different types of integration
approaches in gas processing plants. The results are intended to serve as a reference for
future researchers interested in integrating SOFCs in a gas plant and providing manufactur-
ers and decision-makers with valuable data. As shown in Figure 1, the overall SOFC system
includes the different phases of SOFC, including the raw material up to the manufacturing
and operational phase. However, the disposal phase is not part of the LCA study since
its life cycle environmental impact is less than 3% of the total impact, as based on the
literature review.
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Figure 1. The lifespan of SOFC from raw materials to disposal.

The aim of conducting an LCA for SOFCs is to identify the materials and processes
involved in SOFC manufacturing and their environmental impact and evaluate the eco-
logical effect of SOFC operation. The resulting information can improve decision-making
about resource depletion and environmental degradation [7].

2. Method

SETAC developed an LCA code of practice, and it encouraged the ISO to create a
standardized set of steps for the LCA process. The methodological framework defined in
the ISO 14040 standard includes four main phases:

• Goal and scope definition: the study’s aim, breadth, and depth are outlined, setting
the functional unit and system boundaries.

• LCI: data collection is performed, including calculation and allocation.
• LCIA: potential environmental effects related to the inventory analysis results are evaluated.
• Interpretation: the LCIA results are analyzed and summarized concerning the goal

and scope.

Interpretation is the last stage of the systemic LCA procedure in which the results
of the inventory exploration and impact assessments are evaluated for completeness,
sensitivity, and consistency. This process also clarifies uncertainties and assumptions
regarding improvements to environmental performance while defining further limitations
and informing recommendations.

2.1. Goal and Scope

This first phase describes the study’s purpose, scope, allocation procedures, and
assumptions or limitations (if any). The system boundaries are defined in this stage, along
with the functional unit and the LCIA method.



Energies 2021, 14, 4668 6 of 19

Defining the FU is not always straightforward, mainly when the product produces
several useful outputs, but its selection should reflect the actual condition related to the
product and market needs [7]. This helps normalize all inputs (e.g., materials, energy
resources, and outputs like heat) and allows for comparative analyses. The FU for SOFCs
can be presented in terms of stack power capacity (kW) or total energy output (power
plus heat, kWh) if heat is considered a beneficial energy outcome. The unit scale (kWh vs.
MWh) will not impact the final results since all emissions outcomes are linear to the chosen
FU [24]. Proper unit selection ensures that the LCA results are accurate and improves the
outcome and interpretation stages [7].

In this study, the FU was defined as 1 MW of net electricity generated by the SOFC
system (and after that utilized by the gas plant) during its service lifespan of 10 years.
The study’s scope was to evaluate the potential environmental impacts of integrating and
operating a 10 MW SOFC system fueled by natural gas in a gas plant. It was assumed that
the rest of the plant (offshore, pipeline, and onshore infrastructure) were not part of the
LCA, though the natural gas input as fuel was considered.

The system boundary for the LCA included SOFC manufacturing and operation. End-
of-life was not quantitatively defined because insufficient data were available to quantify
the disposal or recycling of SOFC materials properly; it can, however, be qualitatively
assessed for completeness [6]. Details of the system boundary and the inputs and outputs
of each process are given for the manufacturing phase in Figure 2 and the operational
phase in Figure 3. Transportation of raw material and natural gas was not considered in
this LCA. One crucial assumption is related to the material; since the Gabi software did not
have the Yttria-stabilized-zirconia in its database, another type of ceramic, Alumina, was
chosen to replace the YSZ in the LCA study.
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The detail drawing of the SOFC manufacturing steps as developed in GaBi software is
provided in Figure S1.
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2.2. Life-Cycle Inventory

The LCI collects data from the studied system or product to produce the functional
unit. This stage delineates materials, water, and used energy along with waste discharges
to air, land, or water (e.g., emissions, wastewater, and solid waste) for all life cycle phases
from raw material to operation. Two data types should be considered for SOFC LCIs [8]:
foreground and background data. Foreground data are the outcome parameters from
SOFC manufacturing and operation, while background data are related to materials and
energy used for SOFC production and operation and delivering the FU. Assumptions may
be necessary when data are not available or obsolete [1], resulting in uncertainties in the
LCI. This is commonly the case for SOFCs, for which material details, energy inputs, and
waste data are unavailable due to manufacturer confidentiality.

This study identified three input types (materials, chemicals, and energy) and collected
data from previous research [13,24–31]; these were re-calculated to suit the current FU.
Table 1 lists the material inventory and quantity required to generate one FU (1 MW).

Table 1. SOFC cell material inventory list.

Material Description Material Weight (Kg/MW)

Anode (Ni 70% wt) 1116.00

Anode (Alumina 30% wt) 332.00

Electrolyte (Alumina) 39.00

Cathode (LSM) 78.00

Anode/electrolyte interlayer (NiO 50% vol) 20.00

Anode/electrolyte interlayer (Alumina 50% vol) 20.00

Electrolyte/cathode interlayer (LSM 50% vol) 20.00

Electrolyte/cathode interlayer (Alumina 50% vol) 20.00

Table 2 lists the chemicals required for different processes during SOFC cell manu-
facturing. Most binders and solvents are the same for several functions but use different
quantities for each method. Table 3 lists the energy requirements for various processes dur-
ing SOFC manufacturing. Materials related to the BoP are also part of the manufacturing
phase; these are listed in Table 4 with their material type, weight, and power consump-
tion. In addition to inputs, these processes produced primarily waste consisting of CO2
and evaporated solvent. Table 5 shows the amount and quantity of these outputs for all
functions during the manufacturing phase.
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Table 2. Chemical inventory list for SOFC manufacturing.

Process Type Chemical Description Material Weight
(Kg/MW)

Anode Slurry preparation

Plasticizer (Sanitizer) 132.00

Butvar-76 (binder) 131.70

n-Butyl acetate (solvent) 394.80

Tape casting Carbone black (pore former) 87.60

Electrolyte ink preparation
Butvar-76 (binder) 3.40

n-Butyl acetate (solvent) 10.15

Anode/electrolyte interlayer ink
Methocel A4M (binder) 22.32

2-Butoxyethanol (solvent) 12.60

Electrolyte/cathode interlayer ink
Methocel A4M (binder) 22.32

2-Butoxyethanol (solvent) 12.60

Cathode ink preparation
Methocel A4M (binder) 44.40

2-Butoxyethanol (solvent) 25.32

Table 3. Energy consumption by the process.

Process Description Energy Input
(MJ/MW)

Anode slurry preparation 40
Anode tape casting 30

Anode/electrolyte interlayer ink 70
Anode/electrolyte interlayer screen printing 60

Drying 1710
Sintering 10,530

Electrolyte ink preparation 140
Screen printing 130

Drying 1710
Electrolyte/cathode interlayer ink 70

Electrolyte/cathode interlayer screen printing 60
Drying 1710

Cathode ink preparation 150
Screen printing 130

Drying 1710
Co-Sintering 8600

Metal forming (for interconnect) 430

Table 4. List of BoP inventory.

Description Material Type Material Weight
(Kg/MW)

Energy Input
(MJ/MW)

Air blower Steel 10,000.00 235,200
Fuel blower Steel 10,000.00 2,355,200

Air heat exchanger Incoloy/Steel 2000.00 49,400
Fuel heat exchanger Incoloy/Steel 2000.00 49,400
Heater for startup Steel 5000.00 270,600

Casing Steel 10,000.00 235,200
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Table 5. Waste output during the SOFC manufacture phase.

Waste Output (Type) Quantity (kg/MW)

CO2 (air emissions) 432
n-Butyl acetate (evaporated solvent) 444

2-Butoxyethanol (evaporated solvent) 55

The detail results of the SOFC LCI data analysis as generated by Gabi software are
provided in Table S1.

2.3. Life Cycle Impact Assessment

The LCIA considers the possible footprint concerning LCI flows using either the
problem-oriented or damage-oriented approach within a cause-effect structure. Here,
impact categories and impact indicators are selected, and characterization models are
specified. LCIAs are mainly used to recognize and assess the degree and importance of the
potential environmental effects of the product [1].

In this study, the LCIA indicators related to the Global Warming Potential (GWP),
Acidification Potential (AP), Eutrophication Potential (EP), Ozone Depletion Potential
(ODP), Human Health Particulate Matter Potential (HHPM), and Human-Toxicity Potential
(HTP). Table 6 lists all indicators evaluated and their scale boundary.

Table 6. LCIA indicators and related impact categories.

Indicator Impact Category Scale Characterization Factor

CO2
GWP Global CO2 equivalentCH4

N2O

SOx AP
Regional SO2 equivalent

NOx Local

NO
EP Local N equivalent

NO2

CFCs
ODP

Global CFC 11 equivalent
HCFCs

PM10 HHPM
Regional PM2.5 equivalent

PM2.5 Local

LC50 HTP
Regional

CTUh
Local

Impact indicators are typically characterized using the following equation:

Inventory Data × Characterization Factor = Impact Indicators

For GWP, all greenhouse gases are expressed in CO2 equivalents by multiplying the
relevant LCI results by a CO2 characterization factor and then combining the resulting
impact indicators to determine an overall indicator of GWP. The characterization will put
these different quantities of chemicals on an equal scale to provide the impact each one has
on global warming.

3. Results

The total LCA results for all impact categories for SOFC manufacturing and operation
are detailed in Table 7. The ratios of total emissions between the manufacturing phase and
operation phase are shown in Figure 4. The emissions related to GWP, AP, and HHPM
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occur more readily during the operation phase, while they are more prevalent for EP, ODP,
and HTP during the manufacturing phase.

Table 7. Total LCA results of impact category and per phase.

SOFC Phase GWP AP EP ODP HHPM HTP

Manufacturing 703,755 2000 77 4.38 × 10−8 103 3.51 × 10−4

Operation 1,712,000 3848 63 1.46 × 10−8 223 5.94 × 10−5

Total 2,415,755 5848 141 5.84 × 10−8 326.33 4.10 × 10−4
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Figure 4. The ratio of emissions between the manufacturing and operation phases of the SOFC.

Figure 5 shows the detailed results of the six selected impact categories during the
manufacturing phase of the SOFC. Total GWP for all production stages during the man-
ufacturing phase is equal to 703,755 kg CO2 eq. The production of the BoP accounts for
81.41% of the total GWP and the fuel blower process for 74.55%. Therefore, the fuel blower
is responsible for 60.7% of total GHG emissions produced during the 1 MW SOFC. For AP,
the total emissions are equal to 2000 kg SO2 eq. Out of 24 stages of SOFC manufacturing,
two phases of the process account for 70.68%: the fuel blower and slurry preparation, each
comprising 40.94% and 29.74%, respectively. The total result for EP is equal to 77 kg N eq.
The fuel blower appears to be the stage that most impacts this category at 62.29%. The ODP,
the total is 4.38 × 10−8 kg CFC 11 eq. with 92.15% accounted for the slurry preparation
stage. In HHPM, the total result is equal to 103 kg PM2.5 eq. The slurry preparation and
fuel blower account for 66.21%, where 39.58% is for slurry preparation and 26.63% for the
fuel blower production stage. And finally, the HTP results are equal to 3.51 × 10−4, where
fuel blower and slurry preparations account for 35.60% and 18.39%, respectively.
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3.1. Global Warming Potential (GWP)

The total climate change emissions for the life span of 10 years or 80,000 h of 1 MW
SOFC is 2,415,755 Kg CO2 eq., where 71% is emitted during the operation phase due to
the usage of natural gas as fuel for the SOFC. Generating 1 MW of electricity will require
7 MM Btu of natural gas per hour and an operation spanning 80,000 h—this will emit
1.712 MM kg CO2 eq.

The manufacturing phase accounts for the remaining emissions, 703,755 kg CO2 eq., a
quantity generated mainly from services and goods used to produce a 1 MW SOFC system.
Figure 6, which shows the 24 different processes in the manufacturing phase, proves that
most GWP is generated from only eight processes—mainly because of electricity use.
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Most processes consuming electricity, and thus the most influential factor in GWP, is
the fuel blower process. The material is the most significant source of GWP during the
interconnect process. Additionally, Figure 7 shows the primary three services or goods
used during the manufacturing phase, and they are scaled for easy comparison.
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Figure 7. GWP output for a different type of service or goods.

The chemical most impactful on GWP is the solvent, with more than 70% of GWP
generated due to using chemicals in the manufacturing phase, and the least is the binder,
with 15%. The material that most contributes to GWP is the steel sheet, with almost
60%, followed by the Chromium, with 30%. The remaining 10% of material usage is
mainly nickel.

The SOFC consists of four main parts, where each one is manufactured as a standalone
piece before being assembled. Figure 8 shows these four main parts and their contributions
to the GWP.
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Figure 8. GWP for significant parts of SOFC manufacturing.

The BoP is the component of SOFC that generates the highest GWP at 572,920 kg CO2
eq, which is 81% of the total GWP of the manufacturing phase, and the fuel blower is the
aspect of the BoP that most contributes to the GWP at 427,100 kg CO2 eq. This represents
60% of the emissions from the manufacturing phase. Following BoP is the casing, then
interconnect, and the last is the fuel cell itself with 22,498 kg CO2 eq., which represents less
than 1% of the total GWP of the SOFC.

Another potential analysis is the primary type of process for the fuel cell. Figure 9
shows these processes and contributions of each one of them concerning the GWP. The
ink preparation is the type of process that contributes the most to the GWP with 16,649 kg
CO2 eq. It accounts for 75% of GWP’s fuel cell manufacturing. Slurry preparation for
the anode is 82% of all GWP generated from the ink preparation process of fuel cell
manufacturing. The type of process in fuel cell manufacturing that provides the second-
largest contribution of GWP is the sintering process, followed by drying—each accounting
for 22% and 5%, respectively.
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The average hourly GHG of the 1 MW SOFC is approximately 30 kg CO2 eq. /MWh.
By contrast, traditional power generation, like Natural Gas Combined Cycle (NGCC), is
between 417 kg CO2 eq. /MWh and 557 kg CO2 eq./MWh [32,33]. There is a difference
in the LCA life span of each technology. The SOFC life span lasts ten years, while the
NGCC life span lasts approximately 30 years. By replacing the SOFC each year, the total
GHG emissions will be around 90 kg CO2 eq. /MWh, which remains below the GHG
emissions of the NGCC. Thus, SOFC technology produces 80% fewer GHGs than traditional
power generations.

3.2. Sensitivity Analysis

The process contributing most substantially to the GWP in the manufacturing phase is
the fuel blower, which accounts for 60% of emissions generated during the manufacturing
phase. The fuel blower is mainly used to increase the fuel pressure, in this case, methane,
to meet the SOFC operating pressure of approximately 7 bar. However, suppose the
SOFC is being used in a gas processing plant. In that case, the fuel gas compressor is
already available, and the 7-bar pressure exists in the plant, leaving no need for a separate
or dedicated compressor for the SOFC fuel. Eliminating the need for the fuel blower
from BoP assembly of the SOFC unit will reduce the overall GWP of SOFC by 17%, and
the total emissions will be below 2 MM kg CO2 eq. The percentage GWP during the
manufacturing phase dropped from 29% to 14%, while the operation GWP remains the
same at 1.712 MM kg CO2 eq.

Geography and location play a role in the SOFC manufacturing process—indeed, the
LCA of the SOFC found that the impact on total climate change is based on the electricity
mix used in each location. In general, the effect is minimal and not particularly significant
in the manufacturing phase. However, there is a substantial difference in GWP from one
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country to another during the operation phase. This is mainly caused by natural gas, used
as a fuel for SOFC during the operation phase to generate the 1 MW power. Figure 10
shows the total GWP of 1 MW SOFC in four different countries.
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Figure 10. Total GWP of 1 MW SOFC in four different countries.

Because of natural gas resources, Qatar has the least GWP compared to other countries
like Germany, the US, and Japan. The natural gas in Germany is mainly imported via
pipelines from Russia, so the transportation of such resources is added to its total GWP.
Similarly, in the US, the pipeline network of natural gas spread across the country. Japan,
which has an enormous GWP impact, gets its natural gas requirement from ships and
overseas tankers.

4. Conclusions

This study’s primary objectives were to understand better the impact of SOFC integra-
tion on the natural gas processing plant in terms of environmental values and provide a
basis for comparing different types of integration approaches in gas processing plants.

The operational phase of the SOFC has the most significant impact on global warming
potential (GWP), acidification potential (AP), and human health particulate matter (HHPM).
In contrast, the effect is higher during the manufacturing phase for eutrophication potential
(EP), ozone depletion (ODP), and human-toxicity potential (HTP).

In summary, 1 MW SOFC used in gas processing plants for 80,000 total running hours
(10 years) will have the following impact category:

• The total GWP is 2,415,755 kg CO2 eq. with 29% during the manufacturing phase.
• Total AP is 5848 kg SO2 eq. with 34% during manufacturing.
• Total EP is 141 kg N eq. with 55% during manufacturing.
• Total Ozone Depletion Air is 5.84 × 10−8 kg CFC 11 eq. with 75% during manufacturing.
• Total Human Health Particulate Air is 326 kg PM2.5 eq. with 32% during manufacturing.
• Total Human Toxicity, Cancer is 4.10 × 10−4 CTUh with 86% during manufacturing.

The study results are supported by similar studies where the ratio between the man-
ufacturing phases is almost 30 to 70 in the operation phase for GWP. The GWP during
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the manufacturing stage for the Qatar case is almost like manufacturing cases in other
countries like the US, Germany, and Japan. It is a little higher than the US and Germany but
less than Japan, which could be due to the availability and transportation of raw materials.
However, for the operation phase, the difference is huge between Qatar and the other three
countries. This is mainly due to fuel transportation which in the case of Qatar it is the
lowest environmental impact. In addition, there is potential to reduce the total emissions
produced by the SOFC if specific processes with the highest impact on climate change
potential can be eliminated. For example, pressurized methane is already available in
typical natural gas processing plants. Thus, an advantage of using SOFC in gas plants and
particularly in Qatar by eliminating the requirement of having an additional fuel blower as
part of SOFC assembly will save approximately 17% of the total GHG of SOFC LCA.

The hourly GHG released into the atmosphere for each 1 MW of electricity generated
using SOFC is approximately 30 kg of CO2 eq. Comparing CO2 eq. to the emissions
emitted from traditional power generation like Natural Gas Combined Cycle (NGCC), the
difference is more than 80%. And this proves that fossil-fuel power generation’s impact
on the environment depends on the technology used. As fossil fuel remains the primary
energy source for at least a few decades to come, such a study of LCA can determine the
best technology that has less impact on the environment and has lower GWP.

Qatar is a small country with the largest natural gas resources and exports, which
gives it a high dependence on natural gas for its revenues and a high GHG emissions per
capita. Therefore, SOFC integration can lead to significant country-wide reductions in
emissions improvements to efficiency.

The findings of this study are expected to serve as a reference for future researchers
interested in the integration of SOFCs into natural gas processing plants and provide
decision-makers with reliable quantitative analysis and data.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14154668/s1, Figure S1: SOFC manufacturing steps with quantities, Table S1: SOFC LCI
data analysis.
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Nomenclature

ADP Abiotic depletion potential
AOP Area of production
AP Acidification potential
APU Auxiliary power unit
BoP Balance of plants
CH4 Methane
CO Carbon monoxide
CO2 Carbone dioxide
CTUh Comparative Toxic Unit for human
EP Eutrophication potential
FU Functional unit
GHG Greenhouse gases
GT Gas turbine
GTL Gas-to-liquid
GWP Global warming potential
H2 Hydrogen
H2O Water
H2S Hydrogen sulfide
HHPM Human Health Particulate Matter Potential
HTP Human-Toxicity Potential
IPCC Intergovernmental Panel on Climate Change
ISO International Standard Organization
Kw Kilowatt
kWh Kilowatt-hour
LC50 Lethal concentration required to kill 50% of the population
LCA Life cycle assessment
LCI Life cycle impact
LCIA Life cycle impact assessment
LSM Lanthanum strontium manganite
MGT Micro gas turbine
MW Megawatt
N2 Nitrogen
N2O Nitrous oxide
NGCC Natural gas combined cycle
Ni Nickel
NiO Nickel oxide
NMHCs Nonmethane hydrocarbons
NOx Nitrogen oxides
ODP Ozone depletion potential
PEP Product environmental profile
PM Particulate matter
POCP Photochemical ozone creation potential
Pt Platinum
PV Photovoltaic
SETAC Society for Environmental Toxicology and Chemistry
SO2 Sulfur dioxide
SOFC Solid oxide fuel cell
SOx Sulfur oxides
VOC Volatile organic compounds
YSZ Yttria-stabilized-zirconia
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