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Abstract

This work investigates the full process design of a natural gas combined cycle integrated with a packed-bed reactor system where
a hydrogen rich gas is produced with inherent CO, capture based of the CaO/CaCO; and Cu/CuO chemical loops. The different
stages of this Ca-Cu process were modelled with a dynamic 1D pseudo-homogeneous model, proposing a novel reactor
configuration allowing to achieve carbon capture efficiency close to 90%. Process simulations of the whole power plant resulted
in electric efficiencies of around 48%, ;v and SPECCA of 4.7 MJ/Kgco».
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1. Introduction

Natural gas combined cycle (NGCC) is nowadays the most advanced and common technology for producing
electricity from natural gas with rather low emissions and high electric efficiencies [1]. There are three different
ways to introduce a CO, capture system into a NGCC system: i) removing the CO, from the flue gas using a post-
combustion capture system; ii) producing a syngas from natural gas reforming and separating the CO, pre-
combustion to produce a H,-based fuel to be burned into the combustor of a gas turbine; iii) burning the natural gas
with oxygen in a gas cycle and remove the CO, after water condensation.

This work is focused on the second approach, using the novel Ca-Cu process for H, production with inherent CO,
capture proposed by Abanades et al. [2]. This process is based on the sorption enhanced reforming (SER) of natural
gas in the presence of a CO, sorbent at high pressure and high temperature. In this way, the heat needed to drive the
endothermic steam-methane reforming reaction is provided by the energy liberated by the CaCO; formation
reaction. At the same time, the heat required to regenerate the CaCO; formed is matched with in situ heat production
through the reduction of CuO to Cu by a fuel. The whole process can be divided into the following three main steps:

e the production of a pressurized hydrogen-rich stream via the sorption enhanced reforming (SER) of natural gas;

e the oxidation of Cu to CuO with air at high pressure and moderate temperature in order to limit the
decomposition of CaCOgs;

e the calcination of CaCOjs at low pressure thanks to the energy released by the reduction of CuO with a fuel gas.

The objective of this work is to study through process simulations the integration of the Ca-Cu process in a
combined cycle power plant with the aim of producing electricity with low CO, emissions. The behavior of the
packed-bed reactor system has been assessed with a 1-D pseudo-homogeneous model developed in a previous work
[3] under a set of reasonable conditions. An improved operational sequence for the Ca-Cu process is proposed in this
work, which has been selected to improve the carbon capture efficiency with respect to the basic configuration
proposed in previous work. The performance obtained from the mass and energy balances have been compared with
a state-of-the-art NGCC without CO, capture and with a NGCC with pre-combustion CO, capture by benchmark
MDEA absorption system.

Nomenclature

ATR Autothermal Reforming

CCE Carbon Capture Efficiency

GT Gas Turbine

HP High Pressure

HRSG Heat Recovery Heat Generation
LHV Low Heating Value

LP Low Pressure

MDEA N-methyldiethanolamine

NG Natural Gas

NGCC Natural Gas Combined Cycle
SER Sorption Enhanced Reforming
SPECCA Specific Primary Energy Consumption for CO, Avoided

WGS Water Gas Shift

105



106 Michela Martini et al. / Energy Procedia 114 (2017) 104 — 112

2. Process description
2.1. Ca-Cu process

A detailed process scheme of this Ca-Cu process configuration is shown in Fig. 1. As can be seen, the Ca-Cu
process consists of a system of packed-bed reactors operating at different temperatures and pressures, where stages
of sorption enhanced reforming (A and A’), Cu oxidation (B), bed heating (B’) and CaCOj; calcination/CuO
reduction (C) occur. At the beginning of the first stage of the Ca-Cu process (A), the solid bed contains calcined
CaO-based sorbent and reduced Cu-based material. Pre-reformed NG is fed into the bed in stage A’ at high pressure
after being heated up to around 700 °C. Reforming, water gas shift and carbonation take place in this stage. The H,-
rich gas stream that results from this reaction equilibrium is cooled down from 850 °C to around 700 °C and fed into
stage A where the carbon slipped from stage A’ reacts with the CaO in the bed. This intermediate gas cooling is
introduced to boost CO, capture through the carbonation reaction, which is favoured at low temperature.

Once the SER stage has finished, the Cu present in the bed is oxidized to CuQO. Due to the exothermicity of the
oxidation reaction, it is important to control the maximum temperature reached inside the reactor by limiting the
temperature and the O, concentration of the gas fed to stage B [4]. High temperatures in the bed (above 850 °C)
would lead to an irreversible loss of Cu activity and partial premature calcination of CaCO; formed during stage A.
Due to the reduced temperature of the diluted air fed to stage B, the packed bed will be at a very low temperature at
the end of this stage, and therefore an intermediate heating stage between stages B and C needs to be included
(indicated as B’ in Fig. 1) for allowing stage C to initiate. Since recycled O,-depleted gas should be cooled down to
be mixed with compressed air, it is proposed to heat the solid bed during stage B’ by extracting heat from this
recycled O,-depleted gas making it pass through the solid bed.

The last stage of the Ca-Cu process (stage C) consists of the regeneration of the CaCO; formed during stage A by
means of the exothermic reduction of the CuO formed during stage B. A proper Cu/CaO molar ratio should be
chosen such that the heat released by the exothermic reduction of CuO with CH,, CO and/or H, matches the
requirement of the endothermic calcination of the CaCO; formed in stage A [4]. To avoid calcination temperatures
exceeding 900-950 °C, which would reduce CaO and Cu reactivity, the operating pressure of stage C should be
close to atmospheric to ensure a sufficient driving force for sorbent calcination. Pre-reformed NG is fed into this
stage C coming from a heated pre-reformer at 700 °C in order to obtain a bed with uniform temperature at the
beginning of stage A, stabilizing the Ca-Cu loop and preventing the risk of sorbent hydration. The steam-to-carbon
ratio used for this pre-reforming is around 1, which is enough to avoid carbon formation during stage C, but ensures
that syngas coming from the heated pre-reformer at 700 °C contains enough H, and CO to reduce the CuO. The gas
at stage C outlet, which contains mainly CO, and H,0, is cooled down before being sent to the CO, compressor for
its storage. At the end of stage C, the solid bed remains at around 700 °C and nearly atmospheric pressure and so it
needs a re-pressurization stage before starting with a new cycle.

This process was modelled with a dynamic 1D pseudo-homogeneous model [3]. This model calculates the mass
and energy balances of adiabatic fixed bed reactors taking into account axial mass dispersion, effective heat
conductivity and gas/solids heterogeneous reactions and SMR/WGS homogeneous reactions kinetics. No radial
temperature and concentration gradients are considered and mass and heat transfer resistances between the gas and
solid phase are neglected, leading to a homogeneous description of temperature and components.



Michela Martini et al. / Energy Procedia 114 (2017) 104 — 112

Hy-rich § 1
—l

—
I N,,CO; K €0,-H,0

N,,CO,

[y
| N; O,

Adiabatic pre- Heated —
reforming pre-reforming Z—
NG + steam
Steam alr
stage A
Steam -
l stage C NG + steam
]
.

NG 9 5
o

Fig. 1. Scheme of the Ca-Cu process with two beds in series for stage A and intermediate gas cooling.
2.2. Power plant

The proposed integration of the Ca-Cu process in a full-scale combined cycle-based power plant is shown in Fig.
2. NG entering into the plant (stream #1) is purified from sulfur species and sent to a high temperature
desulfurization unit composed of a hydrogenator reactor and a ZnO bed for H,S sorption. NG is then split into two
streams: the first one, at high pressure, is mixed with steam to be pre-reformed in an adiabatic pre-reformer and sent
to stage A’ of the Ca-Cu process (stream #5); the other stream is expanded, mixed with LP steam, sent to a heated
pre-reformer and then fed to stage C of the Ca-Cu process (stream #4). Both the HP and the LP natural gas streams
are mixed with steam in different steam-to-carbon (S/C) ratios and pre-reformed in order to reduce the risk of carbon
deposition in the packed beds of the Ca-Cu process, which may occur in the initial part of the bed when active
sorbent and oxidized oxygen carrier are not available during stages A and C respectively.

As can be appreciated in Fig. 2, the power island in the proposed configuration consists of a combined cycle that
uses Hy-rich gas produced in the Ca-Cu process as fuel in the combustor of the GT. Air needed for stage B of the
Ca-Cu process is split from the compressed air from the GT compressor. Due to the difference between the
operating pressure of the oxidation stage of the Ca-Cu process and the pressure at the compressor outlet, an
additional booster compressor is included. Flue gas from the gas turbine (stream #13) is cooled down in a heat
recovery steam generator (HRSG) that feeds a state-of-the-art three-pressure level with reheat steam cycle. A
fraction of the H,-rich gas coming from the Ca-Cu process is sent to an auxiliary combustor with a minor fraction of
the flue gas exiting the gas turbine to provide the energy needed in the LP gas heated pre-reformer. Gas at the exit of
this heated pre-reformer is sent to the HRSG together with the GT exhaust. Most of the steam used in the steam
turbine is generated from flue gas cooling in the HRSG, whereas available hot gas streams from the Ca-Cu process
are mostly used for pre-heating the NG and pre-reformed NG streams fed into the Ca-Cu process.
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Fig. 2. Schematic of the Ca-Cu process integrated in a full scale combined cycle-based power plant.
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3. Process assumption and methodology

Mass and energy balances of the proposed process were calculated using the Politecnico di Milano in-house code
GS [5], implementing the information obtained from a dynamic pseudo-homogeneous model (PHM), used for
modelling the behavior of the Ca-Cu process [3]. Average composition and temperature of the outlet streams of the
different steps of the process were considered for the calculations of the performances of the complete power plant.

For these calculations the following solids composition were considered: a CaO-based material as CO, sorbent
with 85 wt.% of CaO (30% of which active on CO, sorption) on Al,Os, a 65 wt.% Cu material on an Al,O; carrier
and Ni catalyst (18% Ni on Al,Os). A Ca/Cu molar ratio of 1.7 was calculated to match the heat of reactions in step
C. A catalyst-to-sorbent molar ratio of 0.3 was selected following literature [6]. Pressure, initial temperature and
steam-to-carbon (S/C) ratio at stage A have been chosen such to avoid Ca(OH), formation according to
thermodynamic. The power island has been calculated with assumptions consistent with the EBTF methodology [7].
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4. Results and discussion
4.1. Ca-Cu process

Simulations of the process scheme with the double SER stage shown in Fig. 1 were then performed for an
operating pressure of 25 and 21 bar in stage A-A’ and B-B’, respectively, and an S/C of 5 at the inlet of the HP
adiabatic pre-reformer. In Fig. 3 the axial temperature and active CaO sorbent conversion profiles inside the bed
during stage A at different time instants are shown. It can be seen that in this stage the CaO is converted slowly due
to the low carbon content in the gases coming from stage A’. In the first part of the bed where the solid is already
carbonated, only reverse steam methane reforming (i.e. methanation) and water gas shift occur, which heat the bed
up to the adiabatic equilibrium temperature of these two reactions. When the gas reaches the unreacted CaO, the
carbonation reaction occurs and the temperature increases until the maximum temperature is reached, that
correspond to the equilibrium temperature of the carbonation reaction. At this point no CaO is converted until the
temperature decreases to the initial bed temperature in the final part of the bed, where carbonation reaction is
favored by thermodynamics.

The final profiles of stage A correspond to the initial condition of stage A’. In Fig. 4 the axial temperature and
solid composition profiles inside the bed at different time instants during stage A’ are shown. It can be seen that the
behavior of this step is similar to stage A but with a much faster reaction front due to the higher carbon content in
the feed gas of this step. At the entrance of the bed, when the CaO has already been carbonated, the gas fed reacts
according to reforming and water gas shift reactions until the equilibrium of both reactions is reached. The bed
temperature decreases in this case due to the advancement of the steam methane reforming reaction. In the part of
the bed where CaO is available, the carbonation reaction takes place and the temperature increases up to the
equilibrium temperature. The temperature profiles of steps B, B’ and C are not discussed in this paper since their
behavior is similar to previous studies available in literature [5,9].

Simulations of the entire process were carried out and operating pressure of 25 bar, feed temperatures of 700 °C
and 500 °C for stage A and A’ respectively and S/C ratio 5 were selected. These process parameters allowed to
reach a good compromise between efficiency and CO, emissions of the complete power plant as discussed in the
following section.
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Fig. 3. Axial temperature (a) and CaO conversion (b) profiles inside the bed during step A at different moments in time: at the beginning of stage
A (—), at an intermediate time (—) and at the end (—).
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Fig. 4. Axial temperature (a) and CaO conversion (b) profiles inside the bed during step A’ at different moments in time: at the beginning of stage
A* (—), at an intermediate time (—) and at the end (—).

4.2. Plant performance results and comparison with the benchmark plants

The energy balance of the NGCC plant integrated with the Ca-Cu process scheme is reported in Table 1, together
with the NGCC benchmark plants without CO, capture and with pre-combustion CO, capture by autothermal
reforming (ATR) and CO, absorption by MDEA solution, adapted from [10]. In the Ca-Cu plant an overall carbon
capture efficiency of 86.9 % was obtained. An electric efficiency of 47.8 % was obtained, 10.7 %points less than
the reference NGCC without CO, capture and 0.65 % points higher than the efficiency of the reference NGCC with
pre-combustion CO, capture. To better compare the performance the specific primary energy for CO, avoided
(SPECCA) was also calculated:

SPECCA= (

1

kv

1

T —ref

ref

J -3600

where 77, ., is the net electric efficiency, E is the specific CO, emission and ref indicated the NGCC reference

case without CO, capture. A SPECCA of 4.68 MJ/kgCO, results for the analyzed case, which is slightly below the
SPECCA reported for the reference NGCC with CO, capture.
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Table 1. Energy balance and performance comparison of the Ca-Cu power plant and the benchmark NGCC with and without CO,

NGCC w/o capture NGCC with capture NGCC + Ca-Cu
by ATR and MDEA process

Gas turbine gross power 273.2 291.3 316.2
Gas turbine auxiliaries -1.09 -1.17 -1.26
Steam turbine gross power 147.1 119.7 173.5
Steam Cycle Pumps power -1.79 -3.41 -3.31
Aucxiliaries for condenser heat rejection -1.86 -1.09 -1.56
Air booster compressor power -10.91 -3.83
MDEA plant auxiliaries -5.13 --
0O,-depleted gas recycle fan -- -22.6
CO, compressor power -14.73 -16.10
Auxiliaries for heat rejection other than condenser -1.06 -0.66
Natural gas expansion -- 3.25
Other auxiliaries -0.19 --
Net power, MW, 415.6 373.3 443.6
Thermal input, MW v 711.3 792.2 928.7
Net electric efficiency, % nv 58.42 47.12 47.77
Carbon capture ratio, % 91.56 86.86
Specific emissions, kg/MWh 350.6 36.66 56.71
CO; avoided, % 89.54 83.8
SPECCA, MJLHV/kgCOZ 471 4.68
5. Conclusion

In this work the integration of the Ca-Cu process in a combined cycle power plant has been assessed. Mass and
energy balances of the complete power plant were solved, assessing the behavior of the Ca-Cu process using a 1-D
pseudo-homogeneous model. An improved scheme has been proposed in this work for the Ca-Cu process, aiming at
increasing the CO2 capture efficiency with respect to the base configuration. A CO, capture efficiency of about 87
% was obtained that is slightly lower than the CCE achieved in the reference NGCC including pre-combustion CO,
capture by ATR and MDEA processes. The net electric efficiency and the SPECCA calculated for the Ca-Cu-based
plant are, 47.8 % and 4.68 MJ/kgCO,, respectively, which are slightly better than those reported for the reference
plant used as a benchmark. Further investigations are ongoing in the framework of the ASCENT project aimed at
improving the performance of the materials of the Ca-Cu process under a wide range of operating conditions.
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