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Abstract: Hydrogen is expected to play an important role in renewable power storage and the decar-
bonization of the power sector. In order to clarify the environmental impacts of power regenerated
through hydrogen-fueled gas turbines, this work details a life cycle model of the greenhouse gas
(GHG) and NOx emissions of the power regenerated by power-to-Hj;-to-power (PHP) technology
integrated with a combined cycle gas turbine (CCGT). This work evaluates the influences of several
variables on the life cycle of GHG and NOx emissions, including renewable power sources, hydrogen
production efficiency, net CCGT efficiency, equivalent operating hours (EOH), and plant scale. The
results show that renewable power sources, net CCGT efficiency, and hydrogen production efficiency
are the dominant variables, while EOH and plant scale are the minor factors. The results point
out the direction for performance improvement in the future. This work also quantifies the life
cycle of GHG and NOx emissions of power regenerated under current and future scenarios. For
hydro, photovoltaic (PV) and wind power, the life cycle of the GHG emissions of regenerated power
varies from 8.8 to 366.1 gcone /kWh and that of NOx emissions varies from 0.06 to 2.29 g/kWh. The
power regenerated from hydro and wind power always has significant advantages over coal and
gas power in terms of GHG and NOx emissions. The power regenerated from PV power has a small
advantage over gas power in terms of GHG emissions, but does not have advantages regarding
NOx emissions. Preference should be given to storing hydro and wind power, followed by PV
power. For biomass power with or without CO, capture and storage (CCS), the life cycle of the GHG
emissions of regenerated power ranges from 555.2 to 653.5 and from —2385.0 to —1814.4, respectively,
in gcope /kWh; meanwhile, the life cycle of NOx emissions ranges from 1.61 to 4.65 g/kWh, being
greater than that of coal and gas power. Biomass power with CCS is the only power resource that
can achieve a negative life cycle for GHG emissions. This work reveals that hydrogen-fueled gas
turbines are an important, environmentally friendly technology. It also helps in decision making for
grid operation and management.

Keywords: power-to-Hj; hydrogen-fueled gas turbine; power regeneration; life cycle; greenhouse
gas; NOx

1. Introduction

The world emits around 50 billion tons of GHG each year. Decarbonization is becoming
a higher priority for energy utilization and environmental sustainability, and all sectors
that emit GHG must play a part. The power industry accounts for 36.5% of the global
CO; emissions in 2020 [1], and most energy systems’ emissions are associated with the
power sector [2]. Thus, decreasing GHG emissions from the power sector is crucial to
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tackling climate change. The most efficient engine to produce medium- and large-scale
power from gaseous fuels is the gas turbine. A CCGT power plant is the most popular
design for producing power on land, which can achieve high efficiencies by using a gas
turbine and a steam turbine in combination. As of 2020, there were about 1600 GW of
CCGT installed globally, and gas power accounted for approximately 22% of the global
electricity supply. The vast majority of gas turbines burn natural gas to release energy,
which ultimately produces electricity and intensively emits GHG. A simple and promising
approach to tackle the decarbonization of gas turbines is to change the fuel, and green
hydrogen has attracted the most attention in this regard.

The power sector is undergoing a swift transition to renewable power generation
worldwide. One of the challenges of decarbonizing the power sector is sufficiently reducing
GHG emissions while guaranteeing reliability, security, and affordability. The complexity
of this decarbonization challenge is even further increased by the necessity of upholding
a sufficient level of security in the supply of energy systems with high shares of variable
renewable energy production [3]. Keeping the grid stable is becoming increasingly difficult
due to the expansion of renewable energy in the electricity mix. In this context, hydrogen
systems are part of the global discussion on this energy transition. The concept of power-to-
H, (PtH) in managing demand, providing seasonal energy storage, and linking elements
between different sectors has attracted significant interest over the last decade [3]. PtH is
accelerating the transition to a future with clean energy by improving access to affordable
green hydrogen and energy storage. Subsequently, green hydrogen is regaining attention
in power systems with high shares of variable renewable energy. Fuel cells, internal
combustion engines, and gas turbines are feasible and practical technologies to regenerate
power from green hydrogen. The modern CCGT power plant can reach a net energy
efficiency of 63%. In the near future, advanced technologies for gas turbines can increase
the combined cycle efficiency to 70% and the simple cycle efficiency to more than 50% [4].
Thus, based on the hydrogen-fueled gas turbine, power-to-H;-to-power technology is a
closed loop with good readiness and high efficiency which can store renewable electricity,
generate and use green hydrogen, and decarbonize the power sector.

Hydrogen firing technology enables us to decarbonize existing CCGT plants by con-
verting them to be hydrogen co-firing or pure hydrogen firing in the future. Hydrogen-
fueled gas turbines can create a decarbonization roadmap with minimal modifications for
the power sector. Blending H; into natural gas poses several challenges in premixed gas tur-
bine combustion, leading to changes in chemical and thermophysical properties (e.g., heat-
ing value and interchangeability), subsequent changes in flame properties (e.g., adiabatic
flame temperature and burning velocities), as well as changes in combustion performances
in realistic turbulent combustion environments (e.g., flashback, blowout, and NOx emis-
sions) [5]. Blending a small amount of H; into natural gas for gas turbines is already a rela-
tively mature technology in terms of both fundamental investigations and industry-scale
projects. Hydrogen combustion has begun at the 485-MW Long Ridge Energy Terminal
combined cycle power plant, a flagship GE HA-class project. A test to combust an initial
blending of 5% hydrogen and 95% natural gas fuel was successfully completed on 30
March 2022 [6]. In 2021, the Guangdong Huizhou Combined Cycle Power Plant ordered
two GE 9HA.01 gas turbines, and it will be the first in mainland China to burn hydrogen
(up to 10 vol.%) blended with natural gas upon the start of its operation [7]. Walker et al.
illustrated that the use of hydrogen-enriched natural gas at different concentrations can
effectively reduce the life cycle of GHG emissions [8].

To achieve carbon-neutral growth or even reach a net-zero target, the 100% hydrogen
gas turbine can play a more important role. Thus, the target for the future is 100% hydrogen.
A very high laminar flame speed and very quick flashback have been reported and empha-
sized [9]. The higher speed of flame and significantly decreased auto-ignition delay time
of hydrogen can increase the possibility of higher emissions of NOx in comparison with
natural gas and could cause damage to the materials due to the flashback [10]. Tests of a dry
low-NOx gas turbine combustor suggest premix combustion as a useful method to control
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NOx emissions, but in the case of 100% hydrogen combustion, this technology is not yet
mature [9]. GE declared that it has combustion technologies that are capable of operating
on a wide range of hydrogen concentrations up to ~100%. Siemens and Mitsubishi Power
are currently developing dry low-NOx combustion technologies for 100% hydrogen firing
as well. The 485-MW Long Ridge Energy Terminal combined cycle power plant was built to
ultimately be capable of burning 100% hydrogen [5]. The HYFLEXPOWER project, which
performed the world’s first industrial-scale power-to-X-to-power demonstration with an
advanced Siemens hydrogen turbine, was launched in Europe and aims to perform a pilot
demonstration in 2023 with up to 100% hydrogen for carbon-free energy production from
stored excess renewable energy [11].

Although the burning of green hydrogen results in zero CO, emissions, there are GHG
emissions during the early stages of power regeneration by green hydrogen-fueled CCGT
plants. The use of life cycle assessment (LCA) research has gained attention in recent years
due to its capability to assess environmental impacts throughout a product’s life cycle. The
findings of LCAs could provide an environmental profile of hydrogen-based electricity
systems, identify hotspots, drive future research, define performance goals, and establish a
baseline for their large-scale deployment. Several LCA studies of hydrogen-based power
generation have been published in the last few decades. Rinawati et al. reviewed the
technological and methodological choices made in hydrogen-based power generation;
however, fuel cells were always used in power regeneration from hydrogen in previous
studies [12]. To the best of our knowledge, the investigations on hydrogen-fueled gas
turbines are very limited [12]. Moreover, there have been few studies on the life cycle of
GHG emissions of the power regenerated by 100% green hydrogen using CCGT technology;
therefore, its competitiveness is not currently clear.

In addition, the combustion of hydrogen using air as an oxidant inevitably generates
NOx at high temperatures, partly from nitrogen compounds in the fuel, but mostly by the
direct combination of atmospheric oxygen and nitrogen in the flames. Using hydrogen as a
fuel for gas turbines can avoid GHG emissions at the combustion stage, but consequentially
result in NOx emissions, which is a disadvantage of hydrogen-fueled CCGT. As NOx
is the major pollutant of the combustion of pure hydrogen, it should be evaluated and
compared with natural gas. Although several researchers have reported the NOx emissions
of hydrogen production [13,14] or during the combustion of hydrogen in gas turbine
burners [15], the life cycle of the NOx emissions of regenerated power should be evaluated
based on LCA methodology.

Motivated by the above analysis, to clarify the environmental competitiveness of
hydrogen as an energy vector for medium- and large-scale power generation, this study
aims to assess the GHG and NOx emissions of the power regenerated through power-to-H;-
to-power technology integrated with hydrogen-fueled CCGT (PHP + CCGT) technology
in terms of life cycle. The effects of several variables on the emissions are investigated to
find the key and sensitive factors that can favor further reductions in these emissions. The
life cycle emissions are then compared with those of the power generated by power plants
firing fossil fuels. This work is expected to be of interest to a wide range of scientific and
energy actors, such as energy policy makers and decision makers.

2. Methodology
2.1. LCA Model

Life cycle assessment is a technique for assessing the potential environmental impacts
of products or services during their entire life cycle, including the upstream and down-
stream processes associated with their production, use phase, and disposal. An LCA study
consists of four stages: (i) goal and scope definition; (ii) inventory analysis; (3) impact
assessment; and (4) interpretation. This study only focuses on GHG and NOx emissions.

In this work, only regenerated power is considered as the final product, rather than
power and heat. Thus, condensing steam turbine is integrated in the CCGT plant to
maximize the power output. The functional unit of this study is 1 kWh of power regenerated
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through PHP + CCGT technology. Figure 1 shows the LCA system’s boundaries and
the major stages, including green hydrogen production (GHP), hydrogen storage and
transportation (HST), plant construction and dismissal (PCD), and power regeneration
(PRG), i.e., CCGT operation. CO,, CHy, and N,O are considered for evaluating GHG
emission in this work.

CO, CH; N,O NOx

Power generation I

[Biomass] [ PV ] | PCD

1 : | Steel

[ Hydro ] [Wlnd] | Cement

| N

| \ ./

' Hydrogen production H2 | Hydrogenstorage M2 Power regeneration fegenerated
(Water electrolysis) .~ &transport (HST) (PRG) power

Figure 1. System boundaries and stages of the life cycle assessment of power regenerated by
PHP + CCGT.

2.2. Green Hydrogen Production

Green hydrogen is generally defined as hydrogen produced by the electrolysis of
water using renewable electricity. The GHP stage includes renewable power generation
and hydrogen production by water electrolysis. Three most common types of renewable
power in China are hydro, photovoltaic (PV), and wind. In terms of life cycle, various
kinds of pollutants are generated during the manufacture, installation, and decommission
of renewable energy equipment. The relevant emission data are taken from the Chinese
Life Cycle Database (CLCD) and listed in Table 1 [16]. The life cycle CO, emissions of
renewable power from hydro, wind, and PV ranges from 3.4 to 50 g/kWh of electricity
produced. Although the global warming potential of CHy and N,O is 25 and 298 times that
of CO;, respectively, their emissions are relatively small, especially those of N,O.

Table 1. GHG and NOx emissions of renewable power from different sources.

Emission Hydro PV Wind BP-CCS BP+CCS
CO; (g/kWh) 3.4 50.0 17.8 203-239 —874-—665
CHy4 (g/kWh) 0.291 0.175 0.058
N>O (g/kWh) 0.00004 0.004 0.001
NOx (g/kWh) 0.021 0.265 0.089 0.56-1.67 0.56-1.67

Note that biomass is a unique renewable resource that can be used to generate power
with or without application of CO; capture and storage. In the case of biomass power (BP)
without CCS (BP-CCS), the life cycle of GHG emissions ranges from 203 gcope/kWh to
239 gcoze/kWh. By contrast, when CCS is applied to biomass power generation (BP + CCS),
the life cycle of GHG emissions ranges from —874 gcope/kWh to —665 gcoge/kWh [17].
The NOx emissions are approximately 0.56-1.67 g/kWh based on the acidification potential
values in the literature [17].

Water electrolysis is the key step of the PHP process. At present, three mainstream
technologies of water electrolysis are alkaline electrolysis cells (AECs), proton exchange
membrane electrolysis cells (PEMECs), and solid oxide electrolysis cells (SOECs). The oper-
ating temperature of AECs and PEMECs varies from 50 to 80 °C, while that of SOECs varies
from 650 to 1000 °C. The operating pressures of AECs and SOECs do not exceed 30 bar,
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while that of PEMECs can be up to 200 bar [18]. The efficiency of these water electrolysis
systems (r7wg) varies from 62% to 90% based on higher heating value (HHV) [19], which is
equivalent to 52.5 to 76.1% based on lower heating value (LHV) of H;. Currently, AECs
and SOECs are commercially available; however, SOECs are not yet competitive on the
market. It is assumed that the electrolyzers are operated at 20 bar. The #wg in the range of
70-90% is studied as a key variable in this work. Then, the GHG and NOx emissions of
green hydrogen can be calculated based on the water electrolysis process and emission data
of renewable power. Table 2 lists the GHG and NOx emissions of green hydrogen reported
in the literature [14,20-22]. Note that hydrogen can be produced by biomass gasification
and syngas separation; however, it is quite different with biomass-fired power generation
plus water electrolysis. Thus, the hydrogen production from biomass gasification is not
considered in this study.

Table 2. GHG and NOx emissions of green hydrogen.

Hydro PV Wind

Type Max Min Max Min Max Min
GHG (kgcope/kg Hp) 1.73 0.16 6.67 2.32 0.97 0.6
NOx (kg/kg Hy) 0.005 0.001 0.04 0.012 0.004 0.004

2.3. Hydrogen Storage and Transportation

Hydrogen storage and transportation is the intermediate link of hydrogen production
and the point of end-use. Infrastructure of hydrogen storage and transportation generally
includes tube trailers, pipelines, and storage facilities. Hydrogen storage can be distributed
continuously in pipelines or batch-wise by ships, trucks, trains, or airplanes. Considering
different scenarios of hydrogen storage and transportation, gaseous hydrogen is the most
commonly transported. Therefore, only power consumption and the related emissions are
taken into account in this study, while the emissions related with storage and transportation
facilities are excluded due to the lack of relevant data. Assuming that hydrogen is generated
at 20 bar in the GHP stage, the isothermal compression of hydrogen from 20 bar to 440 bar
requires 1.15 kWh/kg H; [23].

2.4. Plant Construction and Dismissing (PCD)

Few data of construction consumables of hydrogen-fueled CCGT plants are available
at present; however, a hydrogen-fueled CCGT plant is very similar to a natural-gas-fueled
CCGT plant, from which our study derives its data. Furthermore, only steel and cement
are considered in the life cycle assessment since they are the main consumables in the
construction stage of power plant, as well as the main factors in the budgeting. The
amounts of steel and cement needed by different scales of CCGT plants are listed in Table 3,
which are collected from the plants in Jangnsu Province, China. The emissions of CO,, CHy,
N,O, and NOx of steel are 2120, 6.64, 0.018, and 3.21, respectively, in kg/t [16,24]; while the
emissions of cement are 716, 0.921, 0.006, and 0.354, respectively, in kg/t [16,25].

Table 3. Key performances of typical gas turbines and CCGT plants.

Manufacturer GE SIEMENS GE
Prototype Model 6F.03 SCC5-4000F 9HA.01
GT power output (MW) 80 329 448
Net plant output

CC1 x 1 (MW) 124 485 680
Net plant output

CC2 x 1 (MW) 248 970 1360
Nceor (%) 55.40 61.0 63.7
Steel (t/plant) 5283 6729 14,994

Cement (t/plant) 10,299 19,137 39,272
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G: Electric Generator

HRSG: Heat recover steam generator
HT: High-temperature @ ¢
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2.5. Power Regeneration (PRG)

This study focuses on CCGT technology since it is ready and capable of generating
medium- and large-scale power. The typical process flow diagram of hydrogen-fueled
CCGT is shown in Figure 2. Note that only power, rather than power and heat, is considered
as the final product in this study, so the condensing steam turbine is integrated. It is
assumed that every plant consists of two sets of CCGTs and the efficiencies of these
plants with pure hydrogen as fuel could be kept same as those with natural gas. The
thermodynamic performances are listed in Table 3. They are the references of state-of-art
F-class and H-class CCGTs supplied by GE and Siemens. The net CCGT efficiency (17ccer)
refers to the amount of output power produced relative to the rate of energy consumption
of the fuel used. The #ccgr in Table 3 is based on lower heating value. At present, the
fccer of medium-scale plant (6F.03) is 55% or higher, while that of large scale has already
achieved 63.7%, which is comparable to that of hydrogen fuel cell.

Main Condensing
Irgteﬁm_ ¥ steam turbine ( >
| T
Discharging!

] HRSG steam v

Condenser

o - - -

HT flue gas 4 Pump

HP water Water

Figure 2. Process flow diagram of hydrogen-fueled CCGT.

The use of hydrogen and hydrogen-rich gases as a fuel for industrial applications and
power generation combined with the control of polluted emissions, especially NOx, is a
major key driver in the design of future gas turbine combustors. With respect to current
natural gas combined cycle plants, NOx emissions limit in California for 10 MW and higher
stationary gas-fired gas turbines is 9 ppm at 15% O, and 24 ppm in Europe [26]. In China,
the national limit of NOx emissions is 50 ppm; however, the regional NOx emission limit
has been set to 30 ppm for all CCGT plants in several provinces, and the limit of 9 ppm has
been implemented for the most advanced H-class CCGT plants.

Regarding hydrogen-fueled gas turbines, a small increase in the higher range of
temperature results in an exponential increase in NOx production. High NOx emissions
were reported in 85-90% of hydrogen-fueled GE 6FA test combustors [26]. However,
Funke et al. performed an experimental analysis of the momentum flux ratio’s impact on
flame anchoring and on the resultant formation of NOx emissions, and results showed that
the dry NOx emissions at 15% O, did not exceed 25 ppm and could be as low as 1 ppm [27].
Cappelletti and Martelli designed a pure hydrogen-fueled gas turbine burner prototype
and performed experimental and numerical studies on NOx emissions, flashback limit,
and burner pressure drop. In all cases, the NOx emissions were quite low, from 5 up to
38 ppm at 15% O, [9]. Thus, the NOx emission concentration of flue gas is studied as a
key variable for the life cycle of NOx emissions. This study does not focus on the NOx
formation mechanism and exact amount of NOx emissions at a specific condition of a
hydrogen-fueled gas turbine. Instead, the concentrations of 5, 9, 30 (baseline value), and
50 ppm are assumed in the following assessment, referring to the values obtained from the
previous tests or as set by different regional regulations.
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Subsequently, the flow rate of air or flue gas is the key parameter for estimating the
amount of NOx emissions. Generally, most of the air feed for a gas turbine is compressed
and used for combustion, for which the temperature at the outlet of the compressor may
vary from 270 to 400 °C [28,29]. In a modern gas turbine, a proportion of the inlet air of the
compressor is bled off to perform cooling and sealing of hot-section components. Cooling
air flows are necessary to function; however, too much cooling air has a negative impact
on the performance and output of a gas turbine. It was reported that the proportion of air
for cooling combustors and blades accounts for 2-12% [30]. The flow rate of air feed for
combustion is closely linked to the excess air coefficient. Aiming to maintain the adiabatic
flame temperature in the combustor between 1300 °C and 1550 °C, the excess air coefficient
(ratio of the amount of combustion air to the amount of stoichiometric air) is estimated to
be 2.25-2.75 for the compressor outlet temperature in the range of 300400 °C based on the
mass and energy balance equations of the adiabatic combustion of hydrogen. Assuming
that 12% of the inlet air is used for cooling in order to maximize the flow rate of final
flue gas as well as the amount of NOx emissions at a given concentration, the excess air
coefficient (ratio of the amount of inlet air of compressor to the amount of stoichiometric air)
for the final exhaust flue gas at the turbine outlet ranges from 2.557 to 3.125. Subsequently,
the flue-gas-to-hydrogen mole ratio is calculated to be 5.602, 6.280, and 6.958 for the excess
air coefficients of 2.557, 2.841, and 3.125, respectively, which are used in the following
assessment.

2.6. Calculation of Life Cycle of GHG and NOx Emissions

Based on the above model, the life cycles of GHG and NOx emissions of 1 kWh
regenerated power (RP) are calculated as follows:

_ kpp-Npp,crp + kpp-Npp,ust + kst-Nst + kemNem

GHG 1
Nep 1)
_ jep'Npp,gup + jpp-Npp,ust + jsT'Nst + jem Nem + jrc NG
NO, = N 2)
RP

where kpp, kst, and kcy; are the GHG emission factors of primary power (gcoz/kWh), steel
(g/kg) and cement (g/kg), respectively. jpp, jst, jcm, and jrg are the NOx emission factors
of primary power (g/kWh), steel (g/kg), cement (g/kg), and flue gas (g/m?), respectively.
Nppcyp and Nppyst are the total amounts of primary power (PP) consumed in GHP and
HST stages through the life cycle of the project, respectively, in kWh. Ngr and N¢yy are
the amounts of steel and cement used in the project, respectively, in kg. Nrg and Ngp are
the total amounts of flue gas (m?®) and regenerated power (kWh) over the entire life cycle,
respectively.

2.7. Sensitivity Analysis
The sensitivity coefficient (SC) is calculated as shown below:

AL

SC= AF/F

(3)
where I and F are the indicator and variable, respectively, and A denotes the change in I or F.

3. Results and Discussion
3.1. Renewable Power Sources

Figure 3 shows the GHG and NOx emissions with different hydrogen sources when
the system is operated with the following conditions: ywg of 80%, #ccgr of 55.4%, NOx
emission concentration of 30 mg/m?, and equivalent operating hours (EOH) of 4000 h.
A 50/50 mix of wind and PV power (MWPV) is also considered in this section since the
generating capacities of wind and PV power are similar in China at present.
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Figure 3. Life cycle of GHG and NOx emissions with different power sources. (a) GHG; (b) NOx.

3.1.1. GHG Emissions

As shown in Figure 3a, due to the cumulative effect, the life cycle of the GHG emissions
ranges from —2385.0 gcope/kWh to 653.5 gcope /kWh. However, if biomass power is
excluded and only hydro, PV, and wind power are considered, it varies from 10.2 to
366.1 gcope /kWh. In decreasing order of GHG emissions (mean values), the power sources
are: BP-CCS > PV ~ MWPV > hydro ~ wind > BP + CCS.

The GHG emissions of coal power in China vary from 776 to 839 gcoze /kWh [31-34]
while those of gas power range from 373 to 561 gcope /kWh [32,35]. The power regenerated
by PHP + CCGT technology, except for in the case of biomass power without CCS, always
has significant advantages over coal and gas power in terms of GHG emissions. However,
the results also indicate that PV power is not recommended to be stored by PHP technology,
because its life cycle decarbonization potential is quite weak. Instead, wind and hydro
power are preferable to be stored by PHP technology. Biomass power without CCS should
not be used in PHP technology. Nevertheless, when CO, capture is applied in biomass
power generation, the GHG emissions are negative (from —2385.0 to —-1814.4 gcope/kWh),
and this seems to be the only way to achieve negative GHG emissions, which is in agreement
with Withey et al.’s perspective [36]. Based on the difference between the life cycle of GHG
emissions in Figure 3a, it can be inferred that biomass with CCS has a great potential to
achieve negative GHG emissions for PHP technology, and should be paid attention to in
the future. In other words, the reasonable integration of biomass utilization can radically
negate the GHG emissions of non-carbonaceous renewable power, i.e., hydro, wind, and
PV power, etc.

3.1.2. NOx Emissions

Figure 3b shows that the life cycle of NOx emissions generally ranges from 0.14 g/kWh
to 2.73 g/kWh. In decreasing order of the NOx emissions, the hydrogen sources are:
biomass > PV ~# MPVW > wind > hydro. The NOx emissions of coal and gas power in
China approximately range from 0.32 to 2.94 g/kWh (50 mg/m3 @ 6% Oy) [31,33,34] and
0.33 to 0.60 g/kWh (50 mg/m3 @ 15% O) [33,35]. The results indicate again that biomass
power should not be stored by PHP technology, followed by PV and MWPV power. The
NOx emissions of power regenerated by wind and hydro-based hydrogen are comparable
to or less than those of fossil fuel power. Additionally, biomass has a disadvantage in terms
of the life cycle of NOx emissions, although it has a significant advantage in GHG emissions
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when CCS is applied. Future efforts should be made to strictly restrain NOx generation
during biomass power generation. Song et al. proposed the biomass and power-to-X
pathway and the electricity-driven biomass conversion technologies [37], which may be
applied to store renewable power and simultaneously achieve negative GHG emissions
and lower NOx emissions [38].

The share of biomass power in many regions is very small and the demand for biomass
power storage is weak. More importantly, the storage of biomass is often necessary due to
its seasonal production versus the need to produce energy all year round. Compared with
solar and wind, it is relatively easy to store biomass at the production site, intermediate site,
or plant, which is one of the unique advantages of biomass. Taken together, it is necessary
to apply CCS to biomass power generation if it is stored by PHP technology; otherwise,
biomass power should not be included in the scope of PHP+CCGT technology.

3.1.3. Contributions of Different Stages

Table 4 illustrates the shares of GHG emissions in different stages. For all renewable
power sources except biomass power with CCS, the GHP stage has the largest GHG
emissions, which contribute 83.7-99.1% of the total emissions; meanwhile, the HST and
PCD stages contribution little, indicating that the GHP stage is the key to further reducing
the life cycle of GHG emissions with PHP + CCGT technology.

Table 4. Contributions of three stages to life cycle of GHG emissions.

Share Wind PV MWPV Hydro BP-CCS
GHP (%) 88.0-96.0 95.0-98.8 95.8-99.1 83.7-94.5 97.5-97.6
HST (%) 22-33 0.9-2.6 0.6-2.3 0.7-6.5 ~2.28

PCD (%) 1.8-8.7 0.7-2.4 0.3-2.4 1.0-9.8 0.15-0.18

Table 5 illustrates the shares of NOx emissions in different stages. For all renewable
power sources, the GHP stage generally has the largest NOx emissions, which contributes
37.1-96.4% of the total emissions. The PRG stage contributes the second largest (1.8-61.3%),
indicating that the GHP stage is also the key to further reducing the life cycle of NOx emis-
sions with PHP technology. Based on the above analyses and considering the distributions
of renewable resources, the following analyses are conducted with a focus on wind power.

Table 5. Contributions of four stages to life cycle of NOx emissions.

Share Wind PV MWPV Hydro BP
GHP (%) 68.1-72.1 86.4-95.5 82.9-95.7 37.1-75.5 92.5-95.9
HST (%) 1.7-1.9 0.7-2.1 0.5-1.9 0.4-0.9 2.16-2.24
PCD (%) 0.3-1.1 0.05-0.4 0.05-0.4 0.3-0.7 0.04-1.1
PRG (%) 25.9-28.9 3.7-11.1 3.7-15.0 23.8-61.3 1.8-5.3

3.2. Water Electrolysis Efficiency

Figure 4 shows the influences of water electrolysis efficiency in the range of 65-90%
for hydrogen production when the system is operated with the following conditions: a
wind power #7ccgr of 55.4%, NOx emission concentration of 30 mg/m3, and EOH of 4000 h.
The GHG and NOx emissions gradually decrease with the increase in 7y, because the
power consumption falls and then leads to the decreases in all emissions. The sensitivity
coefficients of the life cycle of the GHG and NOx emissions to #wg are 0.91 and 0.79,
respectively, indicating #wr is a key variable of the PHP+CCGT technology.
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3.3. Influences of CCGT Operation

Figure 5 shows the influences of net CCGT efficiency in the range of 55.4-65% when the
system is operated with the following conditions: a wind power # g of 80%, NOx emission
concentration of 30 mg/ m?, and EOH of 4000 h. With the increase in #ccer, the amount of
regenerated power increases, then the life cycle of the GHG and NOx emissions are reduced
accordingly. The sensitivity coefficients of the life cycle of GHG and NOx emissions to
fccer are 0.95 and 0.96, respectively, which are greater than those of #yg. The comparison
indicates that #cccr is a significant variable for the PHP+CCGT technology. Therefore, close
attention should be paid to improving #ccgr in the future. Efficient gas turbines should
be vigorously developed, especially small- and medium-scale gas turbines, considering
the decentralized model for the future of energy structures. Moreover, combined heat
and power, also known as cogeneration, is a measure to substantially increase the overall
efficiency of energy systems that should be investigated in the future.
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Figure 5. Variations in life cycle of GHG and NOx emissions with 77ccgr.
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3.4. EOH and NOx Concentration

When the EOH increases from 3000 h to 6000 h, the life cycle of the GHG emissions
gradually decreases from 54.65 to 53.99 in gcoge/kWh, and the life cycle of NOx emissions
slightly decreases from 0.330 to 0.329 in g/kWh. The sensitivity coefficients of the life cycle
of GHG and NOx emissions to EOH are on average —0.002. These indicate that EOH is
not an important parameter for PHP technology. The reason is that, based on this life cycle
model, only the allocation of the emissions in the PCD stage varies with EOH; however,
the contributions of this stage are very small, as indicated in Tables 4 and 5.

Under the same operating conditions, the result indicates that the life cycle of NOx
emissions linearly decreases from 0.39 g/kWh to 0.26 g/kWh when the NOx emission
concentration of flue gas declines from 50 mg/m? to 5 mg/m?>. The sensitivity coefficient
of the life cycle of NOx emissions to the emission concentration is on average 0.14, which is
between those of EOH and #wg. The reason is that the contribution of the PRG stage does
not exceed 29% (Table 5), and the GHP stage is still the major contributor.

3.5. Plant Scale

Table 6 shows the life cycle of GHG and NOx emissions at different scales. The PHP
system is operated with the following conditions: a wind power ;g of 80%, NOx emission
concentration of 30 mg/ m?3, and EOH of 4000 h. Note that fccer at different scales are not
the same. With the increase in the plant scale, the life cycle of GHG and NOx emissions
decreases by approximately 13%. The contribution of the PCD stage drops slightly, which
is not the key reason for these reductions in emissions. The decreases in the life cycle of
GHG and NOx emissions are mainly caused by the increase in #ccgr. If the 57ccgr values
are the same, the decreases are less than 0.9%. In general, the plant scale is a minor factor
for PHP technology in terms of the life cycle of GHG and NOx emissions in the premise of
similar #ccgr at different plant scales.

Table 6. Life cycle of GHG and NOx emissions of CCGT plants at three scales.

SIEMENS
Prototype Model GE 6F.03 SCC5-4000F GE 9HA.01
Net plant output (MW) 2 x 120 2 x 450 2 x 680
Ncear (%) 55.40 61.0 63.7
GHG (gco2e /kWh) 54.3 48.8 47.0
NOx (g/kWh) 0.33 0.30 0.29

3.6. Potential of Reduction in the Future

Based on the above results, the ranges of lthe ife cycle of GHG and NOx emissions
are calculated for current and future scenarios and then compared with those of coal and
gas power. In this section, only hydro, PV, and wind power are considered as the power
sources for storage. The emissions of renewable power generation are kept unchanged. In
the case of the current scenario, the emissions are calculated based on a 17yyg of 80%, t7ccer
of 55.4%, and NOx emission concentration of 30 mg/m?>. By contrast, in the case of the
future scenario, the emissions are calculated based on a #wg of 90%, #cccr of 65%, and
NOx emission concentration of 5 mg/m3. The maximum and minimum values of the life
cycles of GHG and NOx emissions are listed in Table 7. The results indicate that both the
life cycles of GHG and NOx emissions will fall by at least 13%.

The power regenerated by the PHP+CCGT technology always has significant advan-
tages over coal and gas power in terms of the life cycle of GHG emissions. Moreover, the
life cycle of NOx emissions is comparable to or less than that of coal power. However, it
may be greater than that of gas power when PV power is stored and used in the system.
Thus, it is very urgent to reduce the GHG and NOx emissions of PV power. Although recent
studies have reported lower GHG emissions for PV power, progress in NOx emissions still
needs to be made [39,40].



Energies 2023, 16, 977

12 of 14

Table 7. Life cycle of GHG and NOx emissions of PHP+CCGT technology under current and future
scenarios.

Scenario Current Future Coal Power Gas Power
GHG NOx GHG NOx GHG NOx GHG NOx

Upper value 366.1 2.29 312.2 1.89 839 2.94 561 0.60

Lower value 10.2 0.14 8.8 0.06 776 0.32 373 0.33

References

4. Conclusions

The life cycle of the GHG and NOx emissions of regenerated power were assessed
for PHP+CCGT technology. The influences of several factors were analyzed, including
renewable power sources, water electrolysis efficiency, net CCGT efficiency, equivalent
operating hours, NOx emission concentration, and plant scale.

When hydro and wind power are stored, PHP+CCGT technology has a significant
decarbonization effect, and it is comparable to or has a small advantage in regards to the
life cycle of NOx emissions. However, at present, the power regenerated by this technology
wholly or partially from PV power has a small advantage over gas power in terms of GHG
emissions, but does not have an advantage over coal and gas power regarding the life cycle
of NOx emissions. Preference should be given to storing hydro and wind power, followed
by PV power.

Storing and converting biomass power by PHP+CCGT technology shows two contra-
dictory sides with respect to the life cycle of GHG emissions. In the case of biomass power
without CCS, the regenerated power has no advantage over gas power; while in the case of
biomass power with CCS, it is the only power source that can achieve a negative life cycle
of GHG emissions and reveals the significance of reusing biomass. In any case, the NOx
emissions of biomass power should be strictly reduced. The combination of biomass and
power-to-X is a promising direction for future investigations.

Water electrolysis efficiency and net CCGT efficiency are the most important parame-
ters that crucially affect life cycle emissions. Moreover, efforts should be made to improve
these efficiencies. As cogeneration plants already have a higher conversion efficiency and
are more profitable, the integration of PHP into the cogeneration model should studied
in the future. This work predicts that hydrogen-fueled gas turbine has a promising and
competitive prospect, and we should intensify our efforts to develop this technology.
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