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Introduction
The European energy transition plan sets a clear goal, a climate
neutral Europe by 2050 under the Green Deal energy policy
framework [1]. The ‘Fit for 550 package adopted in 2021 by the
European Commission has introduced stricter legislative
measures for the EU 2030 climate and energy framework,
including renewable energy, energy efficiency, legislation on
effort sharing and emission standards, land use and forestry
and the Energy Taxation Directive [2]. The existing EU legislative framework has been adopted to implement the Green Deal
vision indicating clearly the increase of renewable energy
sources (RES) in the future energy mix as well as stricter
decarbonization mechanisms enforced by the emissions
trading system (ETS) to all energy sectors. The increasing
penetration of solar and wind power has been greatly incentivized for the decarbonization of the power grid. However, the
efficient uptake of low-carbon and renewable energy sources
towards an EU carbon neutral energy system needs to extend in
both heat and transport sector, while promoting security of
supply. Climate-neutrality in final energy demand sectors
could be achieved by combining energy savings and replacing
fossil fuels by e-fuels (electricity based production of hydrogen,
synthetic gases and liquids) magnifying the renewables-based
power system 2 to 2.5 times than current levels [3].
The energy transition, via increased electrification, challenges the energy system not only with the tremendous capacities and investments on solar and wind parks but also
with security of supply and additional measures required in
technical, economic and regulatory level. Curtailment of
renewable power has been already reported today in low RES
penetration levels in Germany [4] in US [5] and in China [6]
leading to both wasted renewable power and negative electricity prices in the market. The time interval equation of
power supply and demand requires both flexibility and synchronization of operational units, additional measures for
energy storage, sector coupling and upgrade of grid infrastructure as well as efficient multi-country integrated system
and market for cost-effective balancing of variable RES generation [7]. Energy modelling studies of EU carbon neutral
system in 2050 address the need of versatile energy storage
technologies in order to avoid curtailment with load shifting
and flexibility during high RES availability as well as to avoid
load shedding during low RES availability [3,8]. In particular
seasonal energy storage in the form of hydrogen and synthetic
fuels is considered of major importance due to the non-linear
increase of storage needs as a function of the volume of total
generation reporting e-fuels shares of 20% in final energy

consumption [3]. The European Hydrogen Strategy [9] aligned
with the Green Deal vision highlights the role of hydrogen
produced via water electrolysis targeting to use one third of
power generation for hydrogen production by 2050 and a
deployment of at least 40 GWe electrolysers in EU by 2030. The
technology of electrolyzers interlinks the power sector with
the production of hydrogen as a versatile energy that can be
used for multi sector decarbonization.
In addition to the electrification, the role of combined heat
and power (CHP) plants is expected to grow due to back up
generation capacity needed in the power grid, the Coal exit
strategy adapted by many member states as well as, due to the
heat requirements, in both industrial consumers and district
heating networks. CHP plants contribute to the Energy Efficiency Directive as they are ensuring the most efficient use of
primary energy fuels by generating power and heat capacity.
Although CHP has been promoted in the EU legislative
framework such as the Directive 2006/32/EC for energy services (ESD) and Directive 2004/8/EC for cogeneration to tackle
the barriers to energy efficiency investments, today it accounts in EU only for 11% of electricity and 20% of heat production [10]. However, the increasing carbon prices in EU ETS
as well as the lack of dispatchable thermal power generation
as part of the Coal exit are expected to enhance the role of CHP
in the future energy system.
In the literature there are numerous studies dealing with
different topologies within the Power-to-X concept, where X
in the current work is considered the power and heat generation sector. In Ref. [11] a flexible framework to compare the
performance of power-to-gas sites, providing useful indicators about energy conversion, plant size, cost structure
and configuration is presented. In this work it is concluded
that projects with higher capacity (>1 MWe) tend to outperform smaller projects, confirming economies of scale. Moreover, in Ref. [12] an economic evaluation to predict the LCOH
for an offshore wind-hydrogen production system in France
for reference Year 2030 is conducted. The authors conclude
that the LCOH based on the various scenarios of oil and gas
prices, range between 4 and 13 V/kg. Specifically for the
Power-to-Power scenario the overall roundtrip efficiency and
the LCOH have been calculated 29% and 6.4 V/kg respectively.
In Ref. [13] the power-to-x-to-power pathways via reversible
solid oxide cell are evaluated for different fuels. The roundtrip
energy efficiencies for the different systems considered: 47.5%
for methane and 42.6% for hydrogen. In Ref. [14] the performance of a wind energy system integrated with hydrogen fuel
cell and PEM electrolyser to provide heat and power in the
domestic sector is examined. The overall roundtrip energy
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efficiency of the system is reported equal to 20.2% for wind
speed equal to 5 m/s.
The coupling of hydrogen-fired gas turbine units within
energy storage schemes have investigated extensively in
Ref. [15]. Hydrogen has numerous advantages compared to
conventional fuels and, as such, has been employed in gas
turbines in recent years. The main benefit of using hydrogen
in power generation with the GT is the considerably lower
emission of greenhouse gases. The performance of the GTs
using hydrogen as a fuel is influenced by several factors,
including the performance of the components, the operating
condition, ambient condition, etc. The authors state that besides simple and recuperative Brayton cycles, investigating
the hydrogen-fired GTs in more complex cycles such as
RankineeBrayton is suggested for upcoming works. It is
concluded that despite the benefits of hydrogen utilization in
GTs in terms of the environment, the cost of this fuel is much
higher compared to conventional fuels such as natural gas. In
this regard, it would be beneficial to perform an economic
analysis on the GTs using hydrogen as fuel more widely. The
performance, emission and cost parameters of hydrogennatural gas mixtures in a 50 MWe gas turbine are assessed in
Ref. [16]. By increasing the hydrogen substitution ratio, the
performance of the gas turbine is increased and the CO2
emissions are reduced. The cost per power production
($/kWhe) is higher with H2 than with NG as H2 and NG prices
are considered equal to 2.69 $/kg and 0.219 $/kg respectively.
In Ref. [17] the behavior of a gas turbine cycle by adding
hydrogen (from 0% to 90%) to the combustion chamber of the
hydrogen-gas turbine has been studied. This study concludes
that adding hydrogen to the combustion chamber fuel increases the net electrical efficiency and exergy efficiency. In
addition, this increase in hydrogen has a positive effect on
carbon emissions. Even the injection of a small amount of
hydrogen 0.1 ratio (on volume basis) leads to a 6.1% reduction
in CO2 emissions. In another work [18] the economic viability
of the on-site hydrogen supply for an industrial gas turbine
considering the impact of parameters such as the electrolyser
and hydrogen storage capacity is assessed. It is concluded that
with the current economic framework (2019 German Energy
Sector) the solution is not economically viable. Finally, in
Ref. [19] PtH2tP storage systems consisting of various types of
electrolysers and hydrogen storage as well as micro gas turbines are assessed. The results indicate that for a PEM electrolyser and compressed hydrogen storage the roundtrip
efficiency is calculated 22%. The highest reported roundtrip
efficiency, equal to 28%, is achieved for SOEC electrolyser and
metal-hydrate hydrogen storage. To our knowledge, in the
literature an overall technoeconomic analysis of an PtH2tCHP
plant coupled with open cycle gas turbine in order to assess
the added value of cogeneration in the overall efficiency,
carbon footprint and economic viability of the process is not
thoroughly examined.
In the present work, the use of renewable hydrogen for the
decarbonization of CHP plants is investigated for various fossil
fuel substitution ratios by assessing the energy balance and
thermodynamic principles in each process of the whole
hydrogen value chain of the proposed system. The impact of
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the overall efficiency, the reduction of direct emissions and
the carbon footprint of heat and power generation are reported. The present analysis provides insights on efficient and
decarbonized cogeneration linking the power with the heat
sector via renewable hydrogen production and use. The
technological scheme suggested is also relevant to the Complementary Delegated Act of EU taxonomy covering sustainable technologies and imposing thresholds for their
characterization. Especially gas fired plants will need to burn a
share of at least 30% hydrogen or biogas from 2026 and at least
55% from 2030, while sustainability thresholds are revised to
100 g CO₂e/kWh threshold in case a plant with lower emissions
is replaced and to 270 g CO₂e/kWh threshold otherwise [20].

Techno-economic aspects-power to hydrogen to
combined heat and power generation
The system shown in Fig. 1 presents the overall block flow
scheme for the Power-to-H2-to-Combined Heat and Power
unit [21]. The proposed system consists of three main subsystems: (a) the main hydrogen generation unit, where Proton
Exchange Membrane (PEM) electrolysis powered by renewable
plants and the hydrogen compression and storage units were
considered, (b) the blending system for Hydrogen (H2)-Natural
Gas (NG) mixtures and an open cycle gas turbine coupled and
(c) the heat recovery boiler (HRB) and steam cycle.
The operation principle of the power to hydrogen to combined heat and power system is the energy storage in the form
of hydrogen and its use according to power and heat demand.
In low power demand scenarios, the excess electrical energy
produced either from intermittent renewable energy sources
such as wind, solar, or continuous renewable energy sources,
such as biomass, is supplied to the water electrolyzer. The
produced hydrogen is compressed and fed to the storage unit.
In high power and heat demand scenarios the stored
hydrogen is fed to the gas turbine in order to produce primarily power and subsequently thermal energy in the heat
recovery boiler to cover both electrical grid requirements and
service to industrial heat consumers.
The model has been based on commercially available solutions, where the installed capacity of the 12 MWe gas turbine
has been considered as fixed parameter, while the hydrogen
generation system has been sized for different scenarios
ranging from 0% to 100% substitution of natural gas (NG) feed.
Aspen Plus™ has been used for the simulations of different
substitution scenarios. For the steam-water cycle, in the open
cycle gas turbine, the STEAMNBS property package is used,
while for the rest of the system the PR-BM package (PengRobinson equation of state with Boston Mathias modifications) is used to consider properties of natural gas, H2 and flue
gases. The process flow diagram of the proposed unit is presented in Fig. 2.

Modelling of hydrogen generation and compression unit
For the hydrogen generation and compression unit a separate
block has been created in Aspen Plus™, where a commercially
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Fig. 1 e Block flow diagram for Power-to-H2-to-CHP [21].

Fig. 2 e Process flow diagram for Power-to-H2-to-CHP unit.

available PEM Electrolyzer has been considered. The PEM
water electrolyzer has been modelled using simplifying assumptions and design specifications that were validated by
considering both literature data [22e29] and manufacturers’

information [30,31], as the detailed evaluation of phenomena
taking place in the electrolysis cell was not part of the scope of
the present work. In the PEM electrolyzer, at the anode the
oxidation of water occurs, as follows:
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1
H2 O / O2 þ 2Hþ þ 2e
2

(Eq. 1)

At the cathode, the hydrogen ions are reduced, according
to the following reaction, and pass through the membrane
[24,32]:
2Hþ þ 2e /H2

(Eq. 2)

In general, based on literature the operating conditions of
PEM Electrolysis range between 40 and 80  C and at pressures
below 30 bar [33e35]. The typical energy consumption of PEM
Electrolysis System is 54e80 kWh/kg H2 [30,31,35e38]. The
density of hydrogen was defined at 0 οC equal to 0.08988 kg/m3
(Standard Temperature and Pressure Conditions according to
IUPAC), while for the Higher Heating Value (HHV) and the
Lower Heating Value (LHV) values of 141.6 МJ/kg and 120 МJ/kg
are considered respectively. PEM is not sensitive to the effects
of fluctuations in power supply thanks to the rapid response
of the proton transport across the polymeric membrane
[24,33]. For this reason, it is suitable to use when renewable
energy sources are available. The main equations used in
order to assess the most significant parameters of the system
are presented below.
The PEM Electrolyzers Stack Efficiency both in LHV and
HHV configuration is defined as:
hPEM;elec;stack;LHV ¼

_ H2 $LHVH2
m
Estack

(Eq. 3)

hPEM;elec;stack;HHV ¼

_ H2 $HHVH2
m
Estack

(Eq. 4)

_ H2 : hydrogen produced by PEM Electrolysis (kg/h).
where, m
LHVH2: lower heating value of hydrogen (MJ/kg).
HHVH2: higher heating value of hydrogen (MJ/kg).
Еstack: power required by PEM Electrolyzer Stack (MWe).
The PEM Electrolyzers System Efficiency, including the
balance of the plant:
hPEM;elec;system;LHV ¼

_ H2 $LHVH2
m
Estack þ Eelec þ Eaux

(Eq. 5)

hPEM;elec;system;HHV ¼

_ H2 $HHVH2
m
Estack þ Eelec þ Eaux

(Eq. 6)

where, Eelec: power required by rectifier and transformer
(MWe).
Eaux: power required for auxiliary consumption (MWe).
As there are no built-in “blocks” for modelling of low
temperature water electrolysis in the software, a process of
indirect modelling of the electrolysis process was followed
with the existing software “blocks” as also followed by other
researchers [22e27,29]. The model is presented in Fig. 3.
Steady state conditions were considered for all subsystems.
Deionized water in atmospheric conditions (1 bara, 25  C) is
introduced into the process (H2OFEED) and mixed with recycled water from the liquid-gas separators in the anode and
cathode sections. Subsequently, it is pumped to 36 bar and
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during start up it is preheated to 55  C in order to reach the
electrolyzer's stack operating. Purified water enters the electrolytic cell (PEM), where it decomposes in oxygen and
hydrogen on the surface of electrically charged electrodes. A
stoichiometric reactor (RSTOIC) was used to simulate the
electrolytic cell in Aspen Plus™, where the operating pressure,
reaction and degree of conversion were determined. The
maximum operating temperature is set to T ¼ 65  C in order to
maintain a temperature difference DΤ ¼ 10 οC in the electrolyte. The conversion of water to hydrogen in the stack was
considered equal to 90% accounting for shunt losses and
concentration losses [28,29,39]. Inside the stack and the
anode-cathode sections, separators, mixers and splitters were
considered adiabatic, while pressure control was achieved by
both the water pump and control valves at the exit ensuring a
fixed pressure outlet of 35 bar.
The two-phase stream leaving the electrolytic cell is then
led in the electrolytic membrane (SEPCELL), where oxygen is
separated from water and hydrogen. Therefore, the oxygen
enriched stream (O2OUT) is led from the anode to the separator in the anode section and the hydrogen enriched stream
(H2H2OOUT) is led from the cathode to the separator in the
cathode section. Besides the proton transfer through membranes, parasite mass transfer occurs due to permeability of
gases and electro-osmosis phenomena. It's considered that 1%
of the H2H2OOUT stream is led in the anode and 0.5% of the
O2OUT stream is led to the cathode. According to Refs.
[24,33e35], the pressure of the cathode section of the electrolyzer is considered Pcathode ¼ 35 bar and the pressure of the
anode section is considered Panode ¼ 3.5 bar [24]. In the anode
section the triphasic mixture of O2/H2O/H2, after the cooling
process, is led to the separation vessel, where O2 is almost
fully separated from the other components. The produced
water is recycled and mixed with the freshwater stream input
of the electrolyzer, and produced oxygen is released to the
atmosphere. After the cathode, the triphasic mixture of H2/
H2O/O2 is cooled and fed to the gas liquid separator of the
cathode section. The waste heat in the gas coolers is not
recovered due to its low temperature and relative small
module size of the considered electrolyzer. The gas stream is
fed to a H2 separator that enables hydrogen purification via
catalytic combustion and drying resulting in almost 99.999%
H2 purity. The produced H2 is subsequently compressed from
35 bar to 200 bar in two stages with intermediate cooling in
order to be stored in a tank. It is worth noting here that the
efficiency of the H2 storage process is considered 100%.

Modelling of gas turbine unit
For the modelling of the gas turbine unit, the model was
created based on commercially available gas turbines and
literature data [40e43]. Initially, the model was configured
according to the manufacturers’ reported performances at ISO
conditions [44,45] and was further adapted to the feed conditions and the properties of air and natural gas input streams
presented in Table 1. Fig. 4 provides a detailed description of
the Gas Turbine process flowsheet considered for the
simulations.
For the open cycle gas turbine unit, the electrical efficiency
is defined as:
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Fig. 3 e Process flow diagram of PEM Electrolyzer, compressor and storage tank models built in Aspen Plus.

Table 1 e Air and Fuel Input streams: Molar Composition, Pressure and Temperature.
Air Input Stream

Natural Gas Input Stream

Parameter

Value

Parameter

Value

Inlet Temperature (oC)
Inlet Pressure (bar)

10
1.013

Inlet Temperature (oC)
Inlet Pressure (bar)
Lower Heating Value (MJ/kg)

20
21
47.899

Component

Chemical Formula

Composition (mol%)

Component

Chemical Formula

Composition (mol%)

Nitrogen
Oxygen
Water
Carbon Dioxide
Argon

N2
O2
Н2Ο
CO2
Ar

77.425
20.767
0.853
0.035
0.92

Methane
Ethane
Propane
n-Butane
isoButane
n-Pentane
isoPentane
Hexane
Carbon Dioxide
Nitrogen

CH4
C2H6
C3H8
C4H10
C4H10
C5H12
C5H12
C6H14
CO2
N2

92.301
4.707
0.727
0.128
0.202
0.02
0.035
0.059
0.976
0.845

Fig. 4 e Process flow diagram for the open cycle gas turbine unit modelled in Aspen Plus.

Pel;netGT
hel; netGT ¼
_ В;GT $LHVfuel
m
where Pel,

netGT:

(Eq. 7)

net electric power produced (MW) defined as

the sum of power produced from the gas turbine minus the
work required for the air compressor.
_ В,GT: fuel mass flow in gas turbine (kg/h).
m
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The combined heat and power (CHP) efficiency is defined

Table 2 e Compressor and Turbine basic design
parameters.
Compressor
Pressure Output (bar)
Isentropic Efficiency (%)
Mechanical Efficiency (%)

as:

Turbine
21
85.5
99

Pressure Output (bar)
Isentropic Efficiency (%)
Mechanical Efficiency (%)

hCHP ¼
1.1
86.3
99

In Table 2 the basic design parameters and data of the
proposed Gas Turbine model are presented.
Air at atmospheric conditions enters the plant and is led
to the compressor (AIRCOMP) in order to be compressed up to
P ¼ 21 bar. For the reference case with 100% natural gas firing,
a design specification is set in the model to calculate the
required air mass flow in order to achieve 13.59% O2 molar
composition after the combustion chamber, based on the
specific application. For different H2 substitution scenarios, a
design specification is set in the model to calculate the
required air mass flow according to the default inlet temperature in the gas turbine equal to 1177  C as defined in the
reference scenario. The fuel stream is mixed with the compressed air in the combustion chamber. The combustion
chamber is modelled with an adiabatic RGibbs reactor in
Aspen Plus for phase and chemical equilibrium predictions
according to Gibbs free energy minimization. After the
combustion the gases are fed to the turbine (GASTURB) and
expanded to atmospheric pressure, generating electricity.
Finally, the mixer (WORKMIX) is used for reporting the net
power produced as it subtracts from the generated power in
the gas turbine, the power consumed in the compressor. It is
noted that MIX2 is used to simulate the blending of NG-H2 for
the scenarios analyzed in the next chapters.

Modelling of heat recovery boiler unit and combined heat
and power generation
The HRB takes advantage of the high temperature of the
exhaust gases coming out of the gas turbine to produce medium and high-pressure steam to cover thermal loads. The
model has been developed considering a heat demand at an
industrial site at low pressure level of 15 bar and at a high
pressure level of 40 bar equal to 0.2 MWth and 34 MWth
respectively. Fig. 4 presents a simplified model for the Heat
Recovery Boiler (HRB) unit considered for the simulations. On
the exhaust gases section, a small pressure drop in the heat
exchangers has been considered to account only for heat
losses in the flue gas pipeline, while on the steam-water section no pressure drop in the heat exchangers has been
considered.
For the combined heat and power unit, the electrical efficiency is defined as:
hel ¼

Pel
_ В $LHVfuel
m

(Eq. 8)

The thermal efficiency is defined as:
hth ¼

Q th
_ В $LHVfuel
m
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(Eq. 9)

Pel þ Q th
_ В $LHVfuel
m

(Eq. 10)

where Pel: net electrical power produced (MWe) defined as the
sum of net gas turbine power minus the power consumed by
auxiliaries.
Qth: total thermal power produced (MWth).
_ В,GT and HRB m
_ HRB
_ В: total fuel mass flow in gas turbine m
m
(kg/h).
The s, electrical to thermal power ratio, the PESR (Primary
Energy Saving Ratio) and the useful thermal power produced
are defined as:
s¼

Pel
Q th

(Eq. 11)

PESR ¼ 1 

Q th ¼

hel
helr

_ steam;MP
m
3600

1
th
þ hhthr

(Eq. 12)

_ steam;HP
m
3600

ðHsteam;MP  Hwater;MP Þ þ
1000

ðHsteam;HP  Hwater;HP Þ
(Eq. 13)

_ steam,
m
(kg/h).

MP/HP:

medium or high-pressure steam mass flow

LHVfuel: fuel lower heating value (MJ/kg).
Hsteam, MP/HP: enthalpy of medium of high-pressure steam
(kJ/kg).
Hwater, MP/HP: enthalpy of feedwater (kJ/kg)
helr: is the reference value of electrical efficiency for separate production (¼ 0.38 for standard units, ¼ 0.5 for advanced
units).
hthr: is the reference value of thermal efficiency for separate production (¼ 0.9).
Initially the hot exhaust (HOTGAS1) coming out of the gas
turbine is led to a heat exchanger (HEATLOSS) to simulate the
heat losses in the gas turbine, the exhaust gas temperature is
reduced from 544  C to 526  C. The hot flue gases are then led
to the post-combustion chamber (PC) of the HRB. The post
combustion chamber is modelled as an adiabatic RGibbs
reactor with additional mass flow of ambient air and fuel. At
the reference case of 100% NG firing, 5300 kg/h air and 1400 kg/
h natural gas were considered. The exhaust gases leave the
post-combustion chamber at 879  C.
Water feed (cold stream) at T ¼ 105  C and P ¼ 15.87 bar
enters the HRB plant. The water mass flow consists of recycled
water after serving the heat consumer and make up water. In
the case of 100% NG firing, the exhaust gas temperature after
the HRB is equal to 141  C (this value varies for the different
scenarios considered). Water enters the first economizer, and
it is preheated to T ¼ 198  C, where it is subsequently separated to cover the low pressure steam needs (0.74% of total
mass input) while the rest is used for the production of highpressure steam. For the low pressure steam generation,
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WATER2 enters the first evaporator, where water is vaporized,
and medium pressure steam is produced at P ¼ 15 bar. Stream
WATER3 is led to a pump, in order to increase its pressure to
P ¼ 40.28 bar. The pump has an isentropic efficiency of 75%
and consumes energy equal to 46.21 kWe. A portion of water
(WATER7) after the pump is led to an exchanger after the first
superheater which is characterized as a desuperheater
(DSHEAT) for controlling the temperature of the steam leaving
the first superheater (SHEAT1). The high-pressure water
(WATER4) enters the second economizer (ECO2A) where it is
preheated to T ¼ 251 οC. It then enters the second evaporator
(EVAP2A), where the water is evaporated at a pressure of
P ¼ 40.28 bar and a saturation temperature T ¼ 251  C. High
pressure steam (STEAM1) enters the first superheater
(SHEAT1A) where it is heated to T ¼ 409 οC. Finally, the steam
passes through the second superheater (SHEAT2A) in order to
further increase its temperature. Therefore, high-pressure
steam is produced at P ¼ 40 bar and T ¼ 450  C, which is
suitable for exploitation.

Power-to-H2-to-combined heat and power system: definition
of case scenarios for 0e100% H2 substitution
After the modelling of each subsystem with 100% NG firing,
hydrogen substitution scenarios were investigated for the
overall PtH2tCHP generation system. In order to model the
different scenarios in Aspen Plus, the amount of hydrogen
required for CHP operation at 100% nominal load was calculated for 0%e100% H2 thermal energy fuel substitution having
a fixed fuel energy input as in the reference scenario. The
following parameters were kept stable under all scenarios and
simulations in Aspen PlusTM:
 Total fuel input in both gas turbine and post combustion
chamber equal to 53.48 MWth (Change of hydrogen and NG
mixtures respecting the ratio)
 Flue gas inlet temperature in the turbine equal to 1177 οC
(Change of air mass flow at the compressor inlet respecting
the temperature limitation)
 Flue gas outlet temperature after additional firing equal to
879  C (Change of air mass flow at HRB respecting the
temperature limitation)
 Nearly same flue gas outlet temperature to the environment equal to 141 οC
Finally, the operation period of the cogeneration unit was
set equal to 151 days per year, i.e., 3624 h/year accounting for
the heat demand and availability. Based on the installed capacity of the CHP unit and its operational hours, the required
amount of hydrogen was calculated based in the different H2
substitution scenarios. Especially for the hydrogen generation, it was considered that an appropriate number of PEM
electrolysers with an installed capacity of 1.25 MWe per unit
and a nominal hydrogen output of 20.5 kg/h per unit would be
used, as presented above.
In order to evaluate the overall roundtrip energy efficiency
of the PtH2tCHP unit, two efficiency indices have been
considered in this study. The efficiency is calculated as a ratio
between the useful products (electric and heat power) and the
total electric input in the PEM electrolyzer system plus the NG

used chemical energy for the different H2 substitution scenarios. The first index refers to the capacity installed, while
the second to the operation of the system. Specifically, for the
first index the PtH2tCHP conversion efficiency and the PtH2tP
efficiency are defined as shown in Equations (14) and (15)
respectively. The second index, calculates the same values
incorporating the capacity factor for each system representing
the operational index. The second index, symbolized as h’,
includes the CF of both RES supply and PEM electrolysis
(generation) as well as the CF of the cogeneration unit (consumption). The definitions are presented in the equations
below:
htot;PtH2tCHP ¼

hPtH2tP;el ¼

(Eq. 14)

Pel
_ NG LHVNG þ Eelec;system
m

h0tot;PtH2tCHP

h0PtH2tP;el ¼

Pel þ Q useful;th
_ NG LHVNG þ Eelec;system
m

¼

(Eq. 15)



Pel þ Q useful;th $CFCHP


_ NG LHVNG Þ$CFCHP þ Eelec;system $CFELEC
ðm

Pel $CFCHP

_ NG LHVNG Þ$CFCHP þ Eelec;system $CFELEC
ðm

(Eq. 16)

(Eq. 17)

where Eelec, system ¼ Estack þ Eelec þ Eaux and CFCHP: the capacity factor of the CHP plant with 3624 h of annual operation
and equal to 41.37%. CFELEC: the capacity factor of the electrolyzer equal to CF of renewable power and varies for the
different scenarios developed (20%e90%).

Methodology and assumptions for the techno-economic
analysis of power-to-H2-to-combined heat and power
system
The main assumptions and factors for the investment
expressed as Capital Expenditure (CAPEX), for the operational
expenditures (OPEX) and natural gas, power and carbon prices
of the PtH2tCHP system are presented in Table 3.

Table 3 e Assumptions for the economic analysis of the
PtH2tCHP system components-Reference Year 2021.
Parameter
CAPEX PEM Electrolysis
System (V/kWe,in)
Cost of Electric Power
(V/МWhe,in)
Scaling factor
Annuity (%)
PEM Electrolysis Reference
Power (МWe)
OPEX PEM Electrolysis
System (V/МWhe,in)
PEM Electrolysis System
Maintenance Cost
Cost of CO2(V/t)
OPEX Costs of Open Cycle
Gas Turbine (V/MWhe,out)
Cost of Natural
Gas (V/МWhth)

Value

Literature

1500

[46,47]

40

[46,47]

0,9
8
100

[48e50]
[48e50]
[46,47]

3

[46,47]

2% CAPEXPEM,

ElecSystem

[46,47]

90 (for 2021)
4

[51]
[52,53]

65

[39,52]
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The life of the PtH2tCHP unit is considered 20 years. Based
on the literature [46e50,54] the capital expenditures in 2021
for PEM Electrolyte Stack range from 700 to 1500 V/kWe,in
(confidence interval 50%) therefore an average value of 1000
V/kWe, in was chosen for the calculations and reference
power 100 MWe. Moreover, it was assumed that every 10 years
an electrolyte replacement is required, leading to an additional capital cost of 400 V/kWe,in (assumed as 25% of the total
PEM Electrolysis system CAPEX based on literature [54,55] Also
based on the literature [46e50,54], the cost of compression and
storage of the produced hydrogen as well as the costs of
ancillary services of the unit (piping, etc.) are equal to 100
V/kWe,in. Thus, in the end, a total capital cost equal to 1500
V/kWe,in, was considered for the entire PEM Еlectrolysis
system.
The PtH2tCHP plant is considered to be powered by 100%
renewable electricity based mainly in intermittent (wind,
solar) or continuous (biomass) renewable energy power, with
a constant fixed price of electricity regulated by a Power Purchase Agreement (PPA) between the RES Aggregator and the
Plant Owner. According to the literature [48,49,54], the cost of
electricity ranges between 30 and 60 V/MWhe,in, in Europe for
such units and therefore an indicative price was chosen, as it
may differ depending on the country, the type of renewable
energy source and the type of the agreement [56]. Based on the
literature [46,47,49,50,54] the maintenance and operating
costs are considered 1e3% of the annual capital cost of the
PEM electrolysis unit, therefore in the present work an average
value (2%) was chosen for the maintenance costs of the electrolysis unit. While the operating cost was considered equal to
3 V/МWhe,in.
In order to consider economies of scale, the capital costs
for the PEM Electrolysis System for the various H2 substitutions rates and the various utilization rates
(CF ¼ 20e100%) is calculated based on the above equation [56].

ІB ¼ ІA $

CB
CA

x
(Eq. 18)

where, IA: Capital Cost of PEM Electrolysis System, IВ: Capital
cost of Reference PEM Electrolysis System, CA: Installed Power
of Reference PEM Electrolysis System (100MWe), CB: Installed
Power of PEM Electrolysis System (based on Fig. 9 for the
various scenarios, x: scaling factor (equal to 0.9).
Annuity is calculated based on Eq. (16).
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cost is divided by the installed power of the electrolysis system. Finally, in order to calculate the LCOH, the maintenance
and operating costs of the unit as well as the cost of electricity
are added to the capital cost and divided by the total thermal
energy produced by the electrolysis unit in the form of H2.
Another critical factor is the cost of electricity. Already in
the past, negative prices in low demand periods have been
observed [4,5]. In case power production does not match the
demand, the energy has to be curtailed. If the cost of electric
power is reduced from 40 V/MWhe,in, as assumed, to a price
close to 0 V/MWhe,in utilizing only the surplus of renewable
electricity produced by wind and photovoltaic parks and
ensuring high utilization rates of the unit (CF> 30%) a levelized
cost of hydrogen production below 3 V/kg could be achieved.
In future energy systems with high penetration of RES, energy
storage technologies are required. It is worth noting that
based on current data from literature [47,57,58], the utilization
of surplus electricity from RES would lead to low PEM utilization rates (operation on average 4 h per day on full load)
which despite the zero cost of electricity results into an increase in capex of PEM Electrolysis System, as higher installed
capacity is required. Therefore, there is an increase in the
capex and as a result an increase in LCOH.
In order to calculate the LCOE, the cost of CO2 emissions
(CC) is attributed only to the electricity production of the
PtH2tCHP unit. It is noted that the CHP is covering the thermal
demands of an industrial site but it is assumed to offer power
to the grid. For the first quarter of 2022, CO2 emission costs in
Europe have reached a maximum of the last decade of 94 V/t
[59]. So, for reference year 2021 a CC equal to 90 V/t was
assumed. Also based on the literature [39,51,56]cost of natural
gas fuel equal to 65 V/MWhth is considered for both scenarios.
However, natural gas prices have also experienced high fluctuations [60]. Specifically, according to the EU gas market
report wholesale gas prices in Europe have increased considerably as spot contracts were traded at 85 V/MWhth compared
to 37 V/MWhth in the previous year [60]. The annual operating
hours of the gas turbine are considered equal to 3624 h,
therefore it is considered a CF ¼ 41.37% for all scenarios. The
capex of the gas turbine is considered zero as the electrolysis
unit is coupled to an existing open cycle gas turbine. Finally,
the operating costs and the maintenance costs of the Gas
Turbine & Heat Recovery Boiler are considered 4 V/МWhe,out
[52,53].

n

Annuity ¼

ð1 þ iÞ $i
n
ð1 þ iÞ  1

(Eq. 19)

where, i: interest rate, n: overall PtH2tP plant lifetime.
In order to gain a better picture of other cost drivers and to
identify the economic feasibility of the PtH2tCHP unit, a
sensitivity study was made for reference years 2021 and 2030.
It includes the assessment of LCOH (Levelized Cost Of
Hydrogen production) and LCOE (Levelized Cost Of Energy
production).
The capital cost (CAPEX) of the PEM Electrolysis System is
initially calculated for the various substitution scenarios,
including the stage of compression and storage of the
hydrogen produced together with the auxiliary consumptions.
In order to calculate the specific cost in (V/kWe) the capital

Results of various case scenarios-power-to-H2to-combined heat and power system
Results of the basic modelling blocks
The above-described process and model for the PEM electrolyser can be adapted to various sizes and types of electrolysers. In the present work, all values for the design
specifications have been validated with a commercially
available PEM electrolyzer having an installed capacity of 1.25
MWe increasing to 1.343 MWe with the auxiliary systems,
while the storage capacity was set initially at 69 m3. The basic
design parameters and operation conditions of the PEM
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Table 4 e Basic design and operation parameters of PEM Electrolyzer model.
Parameter

Value

Parameter

Value

Operation Temperature (oC)
Cathode Operation Pressure (bar)
Anode Operation Pressure (bar)
Stack Installed Power (MWe)
H2 Production (kg/h)
H2 Purity (%)
O2 Production (kg/h)
Stack Water requirement (kg H2O/ kgH2)
Stack Electrical Energy Requirement (kWhe/kgH2)

65
35
3.5
1.25
20.5
99.999
164.347
10.03
60.97

PEM Electrolyzer Stack Efficiency LHV (%)
PEM Electrolyzer System Efficiency LHV (%)
PEM Electrolyzer Stack Efficiency НHV (%)
PEM Electrolyzer System Efficiency НHV (%)
PEM Electrolyzer Stack (kWe)
Power losses (kWe)
Compressor's power (kWe)
Pump power (kWe)
Total module capacity (kWe)

54.67
50.88
64.51
60.04
1250
83
9
1
1343

Table 5 e Basic design and operational parameters of Gas Turbine model for 100% NG firing.
Parameter

Value

Natural Gas mass flow (kg/h)
Natural Gas thermal energy (МWth)
Produced Net Electrical Power (MWe)
Air mass flow (kg/h)
Exhaust Gases mass flow (kg/h)
Exhaust Gases temperature after
combustion chamber (oC)
Exhaust Gases temperature after turbine (oC)
Electrical Efficiency (%)

2619.79
34.86
12
134,555
137,175
1177

CO2
O2
H2O
N2
CH4
C2H6

3.36
13.59
7.17
74.91
traces
0

n-C4H10
C5H12
n-C5H12
C6H14
Ar
CO

0
0
0
0
0.89
traces

544
34.4

C3H8
C4H10

0
0

NO
NO2

0.08
traces

Electrolyzer model are presented in Table 4. As described in
the section above, the gas turbine model has been used for
various hydrogen substitution scenarios. The results of the
simulations for the reference case of 100% NG firing are presented in Table 5. In Table 6 the basic design parameters and
data of the proposed HRB model are presented.

Case scenarios for 0e100% H2 substitution: cogeneration
system efficiency and emission reduction
Initially, for the various hydrogen thermal substitution scenarios developed, the change in the net electrical efficiency of
the gas turbine and of the total system was investigated as
shown in Fig. 5. The net electrical efficiency of the gas turbine
increases with the increase of thermal energy substitution of
hydrogen. The highest electrical efficiency rate is observed for
100% hydrogen substitution and is equal to 35.46%, increased
by about one unit from the efficiency rate calculated for
reference case scenario. The increase in the net electrical efficiency of the gas turbine is due to the fact that as the rate of
H2 substitution increases the air mass flow fed to the gas
turbine decreases as per design specification (exhaust gas
temperature input to the first stage of the gas turbine is stable). As a result, the compressor is consuming less energy
while the turbine produces more energy thus leading to an
increase in efficiency. As shown in the same figure, the net
electrical efficiency of the cogeneration unit increases as the
H2 substitution rate increases. For 100% hydrogen substitution
a net electrical efficiency equal to 23.03% was calculated. This
efficiency is increased by 0.68% compared to the net electrical
efficiency for combustion of 100% natural gas, calculated
equal to 22.35%. The increase in total power output in comparison to natural gas only firing is reported also in Refs. [5,26]

Exhaust Gases molar composition (% mol)

for hydrogen blending and co-firing. Moreover, the thermal
efficiency of the cogeneration unit was examined as a function of hydrogens’ thermal energy substitution ratio as shown
in Fig. 6. For the different hydrogen substitution scenarios
examined, the thermal efficiency of the cogeneration unit
remains relatively stable with values close to 63.9%. For a
substitution rate below 50%, a thermal efficiency rate of
63.91% is observed, while for a substitution rate of more than
50%, a thermal efficiency rate of 63.86% is calculated. The
difference is relatively small and in real operating conditions
can be considered as negligible. The above conclusions are
also based on the initial assumption that the exhaust gas
temperature at the inlet of Heat Recovery Boiler is constant
and equal to the base case scenario. It is noted that the
exhaust gas composition changes in all scenarios due to the
replacement of natural gas with hydrogen and the variability
of air mass flow in the combustion chamber.
Lastly the combined heat and power efficiency of the
cogeneration unit was examined, for the different scenarios of
hydrogen substitution as presented in Fig. 6.
Based on the results presented in Fig. 6, it is concluded that
the overall CHP efficiency of the unit increases with increasing
hydrogen substitution rate. The highest CHP efficiency is
achieved for 100% H2 and is equal to 86.88% higher by 0.59%
than the CHP efficiency calculated for the 100% natural gas
firing reference scenario, which was equal to 86.29%. This
small increase is mainly due to the increase in the efficiency of
the gas turbine, as the thermal efficiency remains relatively
constant.
The effect of hydrogen thermal energy substitution ratio on
the absolute CO2 emissions of the CHP unit and the total achieved savings in CO2 emissions in comparison with the emissions in the reference case scenario was investigated. Τhe

Parameter

22.44
22.35
63.94
86.29
0.4
23
13.6

Value

450
40
42,339
3331.15
0.21
33.99
34.2
53.48

Parameter

105
15.87
42,656
441.23
198
15
318
2794.7
Feed Water Temperature (oC)
Feed Water Pressure (bar)
Feed Water Mass Flow (kg/h)
Feed Water Enthalpy (kJ/kg)
Medium-Pressure Steam Temperature (oC)
Medium-Pressure Steam Pressure (bar)
Medium-Pressure Steam Mass Flow (kg/h)
Medium-Pressure Steam Enthalpy (kJ/kg)

High-Pressure Steam Temperature (oC)
High-Pressure Steam Pressure (bar)
High-Pressure Steam Mass Flow (kg/h)
High-Pressure Steam Enthalpy (kJ/kg)
Medium-Pressure Steam Thermal Power (MWth)
High-Pressure Steam Thermal Power (MWth)
Total Thermal Power (MWth)
Natural Gas Total Thermal Power (MWth)

Value
Parameter

Table 6 e Basic Design and Operational Parameters of HRB model- Results of 100% NG firing.

Reference Case 100% NG firing
Electrical Efficiency (%)
Net Electrical Efficiency (%)
Thermal Efficiency (%)
CHP Efficiency (%)
Electrical to Thermal Power Ratio
Primary Energy Saving Ratio (%) (Standard Plant)
Primary Energy Saving Ratio (%) (Advanced Plant)

Value
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above analysis is based on the emissions of the flue gas at the
outlet of the HRB of the overall PtH2tCHP unit. The results are
presented in Fig. 7. For the reference case scenario (100% natural gas firing), the CO2 emissions were equal to 10,878 kg/h.
As it can be seen, the CO2 emissions of the PtH2tCHP unit
decrease with increasing hydrogen substitution rate. As expected for 100% H2 there are zero CO2 emissions, as hydrogen is
a clean fuel and does not produce carbon dioxide during combustion. Thus, increasing the rate of hydrogen substitution
increases the rate of CO2 emission savings reaching 100% CO2
savings for a 100% hydrogen firing.
Although negligible for such units, the CO emissions were
also examined as a function of the H2 substitution rate. For the
reference case scenario (100% natural gas firing) CO emissions
were equal to 0.000115 kg/h. As depicted in Fig. 8 the increase
of the hydrogen substitution rate leads to a reduction of the
CO emissions of the PtH2tCHP unit and for a 100% H2 substitution zero CO emissions are generated.
Results for NOx emissions as a function of hydrogen substitution rate are presented in Fig. 8. It is noted that the results
are based only on equilibrium basis and not on kinetic models
used for NOx emissions prediction. NOx emissions of the unit
increase with increasing hydrogen substitution rate. NOx
emissions increased from 15.74 kg/h, in reference case scenario to 16.41 kg/h in 100% hydrogen substitution scenario. An
increase equal to 4.2% is observed compared to the reference
scenario. The increase in NOx emissions for the same flue gas
inlet temperature in the turbine is due to the fact that flame
stabilization becomes closer to the burner and therefore the
required mixing time is reduced leading to a local temperature
rise and mixing difficulties [61,62].

Power-to-H2-to-power and power-to-H2-to-CHP efficiency
with varying electrolyser capacity factor and gas turbine
hydrogen substitution rate
In order to couple the PEM electrolysis system with the CHP
unit for the different scenarios developed, various capacity
factors (CF ¼ 20%e90%) for the PEM electrolysis unit were
considered. The CF is defined as the available hours for
renewable power supply over the year. Depending on the
availability of the renewable power supply to the electrolyzer
system, the expected installed capacity of the PEM electrolysis
and compression system (including auxiliary supplies, the
compression and storage system of the hydrogen produced)
can be calculated for each hydrogen substitution scenario. For
the calculation of the above quantities, in all scenarios, the
Efficiency of the PEM Electrolytic System is considered equal
to 50.88% (LHV). The results are presented in Fig. 9.
As the rate of hydrogen substitution for a given CF increases
(increase of hydrogen demand), there is an increase in the
installed capacity of the PEM electrolysis system (increase of
hydrogen supply). In the demand side, the cogeneration unit is
considered to operate at full load during the denoted operational
period (3624 h/year-winter months). For a given percentage of
hydrogen substitution there is an increase in the installed PEM
electrolysis power with the reduction of the CF. The CHP unit for
a given substitution rate requires a certain amount of hydrogen
in kilograms per hour and per year. If the electrolyte units
cannot produce the corresponding amount both on an hourly
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Fig. 5 e Net Power Generation efficiency in the Gas Turbine and in the total system as a function of H2 substitution rate.

Fig. 6 e Thermal and CHP Efficiency as a function of H2 thermal substitution ratio.

Fig. 7 e CO2 emissions and savings as function of H2 thermal substitution ratio.
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Fig. 8 e CO emissions and savings (a) and NOX emissions and increase (b) as a function of H2 thermal substitution ratio.

Fig. 9 e Installed Capacity of PEM Electrolyzer system as a
function of H2 thermal substitution ratio and CF.

basis, over-dimensioning is required to account for the production and storage of hydrogen depending on the availability of
renewable electricity over the year. For example, an over
dimensioned electrolyzer system that operates 20% of the time
during the year should be able to produce the same amount of
hydrogen during this short time as a system that has available
renewable energy 90% of the year and has a lower installed
capacity.
The Power-to-H2-to-Power units’ efficiency was calculated
for three different scenarios. Initially for CFELEC ¼ CFCHP ¼
41.37% and then for CFELEC equal to 30% and 50% keeping the
CFCHP constant as defined. The results of the calculations are
presented in Fig. 10.
It is observed that both efficiencies decrease with increasing
hydrogen substitution rate. At the same time a decrease is reported with the decrease of the CF of PEM electrolysis system.
PtH2tCHP conversion efficiency (operational index), as

calculated based on Eq. (16), is shown by the dotted line. The
operational index includes the variable hydrogen input according to the CF of the hydrogen generation and the variable
hydrogen use according to the hydrogen substitution scenario.
It is observed that it decreases for all hydrogen substitution
values but remains constant for all CF values of PEM electrolysis
at a certain substitution ratio. As the installed capacity of
electrolyzer is reverse proportional to the CF ratio, the real
operational index remains constant at a certain substitution
ratio and is equal with the efficiency for CF ¼ 41.36% scenario.
As shown, the roundtrip efficiency of the PtH2tCHP unit defined
with operational index for 100% H2 was calculated equal to
44.21%, while for 10% H2, it was equal to 78.73%. The reason for
the significant difference is that natural gas availability has
been considered always 100% and without any energy requirements or conversion efficiency. In this regard, a higher
substitution rate results in lower power to hydrogen to CHP
roundtrip efficiency. The above applies as well to the PtH2tP
efficiency, which operational index is reported 11.76% for 100%
H2 substitution and 20.52% for 10% H2. Based on the literature
[19] the overall roundtrip efficiency of the PtH2tP process
considering PEM electrolyser and micro gas turbines is calculated at 22%. Similar roundtrip efficiency equal to 20.2% is reported in Ref. [14] considering a PtH2tP system consisting of
PEM electrolyser and Fuel Cell. Higher roundtrip efficiencies
equal to 42.6% for PtH2tP applications are reported only for
reversible Solid Oxide Cell (rSOC) system due to the higher efficiency of SOEC amid improved thermodynamics compared to
PEM electrolyser. Therefore, based on the current analysis, the
contribution of cogeneration to the increase of the overall
roundtrip efficiency of the process (44.21%) is significant
compared to PEM electrolyser coupled with hydrogen fueled
open cycle gas turbines.
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Fig. 10 e PtH2tCHP and PtH2tP efficiency as a function of CF and H2 thermal substitution ratio.

Fig. 11 e Levelized Cost of Hydrogen production (V/kgH2) as a function of CF and H2 thermal substitution ratio: a) Reference
Year 2021 and b) Reference Year 2030.

Levelized cost of energy in the power-to-h2-to-combined heat
and power system
The results for the LCOH in (V/kg) are presented in Fig. 11 for
reference year 2021 and 2030 respectively.
Based on the above diagrams, it is observed that the levelized cost of hydrogen production decreases with the

increase of the hydrogen substitution rate in the PtH2tCHP
unit. As the installed capacity of the PEM Electrolysis System
increases in order to meet the total energy requirements,
specific CAPEX decreases due to economies of scale. The capacity factor or load factor of the PEM electrolysis system is a
critical factor for the levelized cost of hydrogen production as
a lower value implies higher capital cost in order to produce
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higher amounts of hydrogen in a shorter time. For capacity
factor CF ¼ 30%, the highest value of hydrogen production cost
is observed for all scenarios. In the case of 10% H2 substitution,
the LCOH is equal to 6.52 V/kg and it drops to 5.76 V/kg for
100% substitution and considering the effect of economies of
scale. This price is not considered competitive as it is 2e3
times the price of hydrogen production by conventional systems through natural gas reforming which depending on the
price of gas, ranges from 0.84 to 2.52 V/kg [63]. However, for
CF ¼ 40%, i.e., for 3504 h of operation, approximately equal to
the operating hours of the gas turbine, a levelized cost of
hydrogen production equal to 5.09 V/kg is achieved for 100%
H2 substitution, therefore the levelized cost of hydrogen production is reduced. For higher utilization rates, e.g., CF ¼ 90%
the cost of hydrogen production falls at 3.91 V/kg.
Therefore, within the next decade until 2030, where the
capital cost of electrolysis units is expected to decrease to
prices between 400 and 700 V/kWe, in Refs. [46,49,50,52] and
since a high utilization rate of the PEM electrolysis unit can be
ensured (CF>20%), levelized cost of hydrogen production has
the potential to fall under 3 V/kg leading to highly competitive
energy conversion systems in the form of hydrogen. The
sensitivity analysis for the LCOH for the reference year 2030 is
also presented in Fig. 11. The main assumptions considered
for the reference year 2030 are: a)capex of PEM Electrolysis
system equal to 1000 V/kWe,in, b)cost of electricity 30
V/MWhe,in, and c) fixed maintenance and operating costs
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equal to those for reference year 2021. It turns out that for the
2030 scenario for 100% H2 substitution and CF> 50% the levelized cost of H2 production cost becomes less than 3.5 V/kg.
The main challenge is the renewable power sourcing as
considering only solar would necessitate the use of batteries
or a renewable power mix of solar, wind, biomass, hydropower and renewable energy storage affecting also the PPA
agreements or aggregator schemes.
The LCOE for reference year 2021 and 2030 is presented in
Fig. 12. Based on the results for 2021, it is observed that the
LCOE increases as hydrogen substitution rate increases.
Although the unit's CO2 cost, as regulated by the EU ETS system, increases the cost of generating electricity for low H2
substitution rates it does not compensate for the additional
expenses for the expansion of infrastructure required for
100% substitution ratio. The carbon cost is expected to increase further in the coming years in the effort to decarbonize
the EU energy system as also described above, leading to a
further increase in the levelized cost of electricity for units
using fossil fuels. In lower capacity factors, higher LCOE is
observed as the capex of PEM electrolysis system prevails in
order to meet PtH2tCHP unit's energy demand for the same
substitution rate. The LCOE for the base case scenario (combustion of 100% natural gas) including the carbon emission
costs was equal to 376.7 V/MWhe,out. The LCOE of the proposed unit is higher than the LCOE for 100% natural gas firing,
for all scenarios. The results indicate that today despite the

Fig. 12 e Levelized Cost of Electricity (V/MWhe,out) as a function of CF and H2 thermal substitution ratio: a) Reference Year
2021 and b) Reference Year 2030.
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Table 7 e Sensitivity analysis-LCOE for various Natural Gas (NG) and CO2 emission (CC) prices ¡2030 Reference Year.

high EU ETS and NG prices it is more economically viable to
run the unit with 100% NG as H2 use even at lower substitution
rates increases the fuel cost. The LCOE for the reference year
2030 is also presented in Fig. 12, where the cost of CO2 emissions and NG were set equal to 150V/t and 65 V/MWhth
respectively. The LCOE for the base case scenario (combustion
of 100% natural gas) including the carbon emission costs was
calculated equal to 431.3 V/MWhe,out. Therefore, the results
show that in 2030 the production of renewable electricity
through PtH2tCHP technology is more economically viable and
cheaper than the combustion of 100% natural gas for almost
all hydrogen substitution rates and capacity factors above
60%. The lowest LCOE for reference year 2021 is calculated
equal to 376.7 V/MWhe,out achieved for 100% NG firing, while
for 2030 the lowest LCOE is 380.7 V/MWhe,out achieved for
100% H2 firing and CF equal to 90%.
In order to further access the influence of natural gas and
CC variations in the overall economic viability of the proposed
unit a further sensitivity analysis for the future scenarios
(2030), is presented in Table 7 based on a constant CF of the
PEM electrolysis system equal to 60% and a fixed power price
for the PEM plant equal to 30 EUR/MWhe,in.
Based on the above it is observed that the LCOE calculated
for 100% H2, as expected, remains constant as it is not influenced from natural gas and CO2 emission costs. As CO2
emission cost increases over 80 V/t and natural gas price increases over 90 V/MWhth, any hydrogen substitution ratio
results in lower LCOE and reaches its minimum for 100% H2
substitution ratio. Overall, with the increase on the natural
gas and CO2 emission costs, the substitution of hydrogen in
the proposed unit leads to lower LCOE values, making profitable the integration of green hydrogen in existing CHP units. It
has to be mentioned that in these units the electric efficiency
is considerably lower due to the CHP operation compared to
other hydrogen fired Combined Cycle Gas Turbine (CCGT)
plants. In the cases studied, simultaneous decarbonization of
power and heat production is achieved and presenting a
viable case only for decreased CAPEX of PEM and secured low
power prices for H2 production. Moreover, the proposed unit

can access further profits, by selling the produced oxygen and
medium and high pressure steam in the district heating
network instead of the industry.

Discussion and conclusions
Hydrogen is enjoying a renewed and rapidly growing
attention in Europe and around the world. Hydrogen is an
energy carrier that can be used as a feedstock, a fuel or as
means of energy storage, and has many possible applications across industry, transport, power and buildings sectors. Most importantly, there no direct CO2 emissions during
its use, significantly improving air pollution via reduction of
sulphur, particulate matter and carbon emissions derived
from fossil fuel use. It offers a solution for the decarbonization of hard to abate industrial processes and economic
sectors, supporting EU's commitment to reach carbon
neutrality by 2050.
In the present study technical and economic aspects of
hydrogen production with PEM electrolysers and its substitution in a Combined Heat and Power plant have been
investigated. The PtH2tCHP configuration is based on the
storage of RES electricity via electrolysis of water and re-use
of the produced H2 in an upgraded thermal power plant for
electricity and heat production. In a context of a European
grid with high volatile RES, the integration of energy storage
in the form of hydrogen for the purpose of load balancing and
simultaneous decarbonization is essential in order to
contribute to a more clean, secure, smart and resilient energy
system.
Several sensitivity analyses were performed by varying
Power-to-H2 plants capacity and H2 thermal substitution
percentage in the overall plant's fuel mixture. The thermal
substitution of H2 had a positive impact on both overall system electrical and CHP efficiency as well as the reduction of
CO2 and CO emissions. For 100% H2 substitution CO2 and CO
emissions decreased by 100% and CHP efficiency increased by
approximately 0.59%. Moreover, it must be highlighted that
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NOx emissions increased by 4.2% for 100% H2 substitution
comparatively with the 100% natural gas reference scenario.
As CO2 prices have increased to 94 V/t [59], this will be an
important reason to keep thermal plants in the energy system
for reliable electricity and heat supply.
The LCOH was calculated for various CF and H2 substitution rates for the 2021 and 2030 scenarios. For the 2021 100%
H2-firing scenario, the LCOH is lower than 5.09 V/kg, when
CF>40%. For the 2030 100% H2-firing scenario and utilization
factors CF>70% the LCOH is less than 3 V/kg. These prices are
2e3 times higher than the production price of grey (fossil
based) H2 based on the conventional production method with
natural gas reform (0.84e2.52 V/kg) [63]. However, as electrolysers costs have already been reduced by 60% in the last ten
years and are expected to halve in 2030 compared to today
with economies of scale [63], in regions where renewable
electricity is cheap, the levelized cost of green H2 will be able
to compete with that of fossil based H2 in 2030 [63]. Carbon
prices above 90 V/t would be needed to make green hydrogen
competitive with fossil-based hydrogen today [50] and are
already reality.
Moreover, the LCOE was calculated for different CF and H2
substitution rates. For the 2021 scenario, for 100% H2 substitution and CF>50% the LCOE was found in the range of 513613 V/MWhe,out. The LCOE of the PtH2tCHP system is higher
than the one calculated for the operation of the system with
100% natural gas for all capacity factors and H2 substitution
rates. For the 2030 scenario, the LCOE for 100% H2 substitution and CF>50% was found in the range of 381-447
V/MWhe,out. It is observed that for the assumptions of
reference year 2030 the production of electricity is more
profitable for all H2 substitution rates and low cost PEM
electrolysers with capacity factors above 60%. Therefore, in
the future scenario, with the increase of the CO2 emission tax
and the reduction of the capital cost of electrolysis, it is
concluded that it will be more economically feasible to produce electricity, by burning 100% H2 than burning 100% natural gas. As highlighted by the sensitivity analysis, any
scenario that involves a natural gas price over 30 V/MWhth, a
CO2 emission price over 90 V/t and a power purchase price
for a PEM electrolyser lower than 30 V/MWhe,in operating
with a CF above 60%, concludes that the integration of green
hydrogen to CHP units is not only environmentally but also
economically viable.
In terms of the overall round trip efficiency of the proposed
unit considering 100% H2 firing, it is assessed 44.21%, making
the overall energy storage PtH2tCHP process comparable, to
other large scale seasonal energy storage technologies [64,65].
Additionally, another advantage of PtH2tCHP concept over
other energy storage technologies is that it is independent
from geographical constraints and more flexible, as hydrogen
is a multifunctional energy carrier which can be utilized in
various end sectors.
Therefore, a cost competitive green hydrogen economy can
be achieved by declining costs of water electrolysis technology, increased efficiency and affordable renewable energy
input. R&D efforts should be made in this direction in order
hydrogen production to reach a far larger scale. Another
incentive for investors would be support schemes, specifically
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tendering systems for carbon contracts for difference (‘CCfD’).
In the context of a long-term contract with public counterpart,
paying the difference between CO2 strike price and the actual
CO2 price in the ETS in an explicit way, could remunerate
profits, bridging the cost gap compared to conventional
hydrogen production. Finally, market-based support schemes
for renewable hydrogen could be envisaged, such as price
signals that reward electrolysers for the services provided to
the energy grid (e.g., flexibility services, augmenting renewable production levels.) This all should allow to kick-start a
hydrogen ecosystem of significant scale throughout the EU in
the coming decade and towards full commercial deployment
afterwards.
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Abbreviations
CAPEX:
CC:
CCFD:
CF:
CHP:
EU:
GT:
HHV:
HHV:
HRB:
LCOE:
LCOH:
LHV:
LNG:

Capital Expenditure
Carbon Cost
Carbon Contracts For Difference
Capacity Factor
Combined Heat and Power
European Union
Gas Turbine
Higher Heating Value
Higher Heating Value
Heat Recovery Boiler
Levelized Cost of Electricity production
Levelized Cost of Hydrogen production
Lower Heating Value
Liquified Natural Gas

26890

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 7 ( 2 0 2 2 ) 2 6 8 7 1 e2 6 8 9 0

NG:
OPEX:
PEM:
PESR:
PPA:
PR-BM:

Natural Gas
Operational Expenditure
Proton Exchange Membrane Electrolyzers
Primary Energy Saving Ratio
Power Purchase Agreement
Peng Robinson equation of state with Boston
Mathias modifications
PtH2:
Power to H2
PtH2tCHP:
Power to H2 to Combined Heat and Power
PtH2tP:
Power to H2 to Power
RES:
Renewable Energy Scources
rSOC:
Reversible Solid Oxide Cell
STEAMNBS: National Bureau of Standards Steam Tables
SOEC:
Solid Oxide Electrolyser
Units Explanation
bar:
C:
kWe/MWe/GWe:
MWth:
MWh,e:
MWh,th:
Kg/h:
Kg/Nm3:
kWh/kg:


bar unit for P
Degree Celsius unit for Tk
Kilowatt/Megawatt/Gigawatt electric
Megawatt thermal
Megawatthour electric
Megawatthour thermal
Mass flow in kilogram per hour
Density in kilogram per normal cubic meter
Energy Density in kilowatthour per kilogram

kJ/kg:
MJ/kg:
h/year:
kgH2O/kgH2:

Energy Density in kilojoule per kilogram
Energy Density in megajoule per kilogram
Capacity Factor in hours per year
Water requirement in kilogram water per
kilogram hydrogen
V/kWhe,in:
Cost in euros per kilowatthour electric in
V/MWhe,in/out: Cost in euros per megawatthour electric in/out
V/t:
Cost in euros per ton
V/kg:
Cost in euros per kilogram
Nm3:
Normal cubic meter
m3:
cubic meter
Subscripts Explanation
e:
electric
th:
thermal
CHP:
Combined Heat and Power
elec, stack, LHV: Electrolyzer stack Lower Heating Value
elec, stack, HHV: Electrolyzer stack Higher Heating Value
Elec, system:
Electrolyzer system
tot, PtH2tCHP:
Total Power to Hydrogen to Combined Heat and
Power
PtH2tP, el:
Power to Hydrogen to Power electric
elec:
(power) Electronics
aux:
Auxiliary
el, netGT:
Electrical net Gas Turbine

