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� CCS represents a good option for reducing carbon emissions from existing NGCCs.

� Use of electrolytic hydrogen (gH2) in existing NGCCs is competitive at $0.9 per kg.

� CCS is attractive at a CEC price equal to $31 (68% more than baseline price).

� Changes are needed to the law to promote the use of H2 and CCS in the power sector.
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The objective of this work is to compare the theoretical implementation of three strategies

for reducing CO2 emissions in existing natural gas combined cycles (NGCC) under the

context of the Mexican clean energy regulation, namely: NGCC with post-combustion

carbon capture plant (CCS); NGCC fueled with blends of natural gas and blue H2 (bH2) or

green H2 (gH2). These options were analysed from the point of view of the end users in

meeting the National goals in clean electricity generation during the period of 2020e2050. A

techno-economic analysis was performed by considering different variables, such as clean

energy certificate price, fuel costs, capital expenditure, operating cost and capacity factor

plant. In general, the CCS shows a better economic performance than bH2 and gH2 cases for

reducing carbon emissions in existing NGCCs. In a low natural gas price scenario ($1/

MMBTU), the gH2 case is economically attractive from gH2 cost equal to or less than $ 0.9

per kg. Finally, it is found that under the current Mexican regulatory framework is not

possible the incorporation of any of the technologies mentioned above, in which case, this
.unam.mx, pablor.diazh@gmail.com (P.R. Dı́az-Herrera).

ons LLC. Published by Elsevier Ltd. All rights reserved.

mailto:pablodiaz@comunidad.unam.mx
mailto:pablor.diazh@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijhydene.2020.10.076&domain=pdf
www.sciencedirect.com/science/journal/03603199
www.elsevier.com/locate/he
https://doi.org/10.1016/j.ijhydene.2020.10.076
https://doi.org/10.1016/j.ijhydene.2020.10.076
https://doi.org/10.1016/j.ijhydene.2020.10.076


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2 9e2 7 5 42730
Power-to-gas
Mexican clean energy regulation
regulation needs to be deeply amended in order to define new technical and administrative

criteria for promoting the market entry of these technologies in the country.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

In 2017, the average annual CO2 emission rate generated by

Mexican electricity sector was 582 kg of CO2 perMWh [1]. This,

because about 80% of the electricity produced in the country

comes from fossil sources [1]. The natural gas combined cycle

(NGCC) technology is the onewith the highest proportionwith

50.2% of the total electricity generation [1]. The expected

increment in the installed capacity of new NGCCs pro-

grammed to begin operations throughout the period from

2018 to 2032, is about 54.5 GW, representing 42.0% of the total

electricity production, while CO2 emissions are estimated to

reach approximately 85.5 MtCO2 per year [1]. For that reason,

alternatives to reduce CO2 emissions that could be applied in

existing NGCC plants are of great interest for the country. In

order to reduce the CO2 emission rate in the electricity sector,

the Mexican Government has recently implemented a legal

instrument called clean energy certificates (CECs), with the

objective to promote new investments in clean electricity

projects in meeting the National goals of: 25%, 30%, 35%, 40%

and 50% of clean electricity generation for the years 2018,

2021, 2024, 2035 and 2050, respectively [2,3].

The facilities that generate electricity from clean or

renewable energy sources are entitled to receive a CEC for

each MWh of electricity generated [3,4]. The CECs obtained by

a clean electricity generator are sold in the CEC’smarket to the

participants obliged to acquire them, namely: (a) energy sup-

pliers; (b) qualified users who are active in the electric market;

(c) users who receive electricity through an interconnection

agreement under the laws in place prior to the reform and, (d)

end users who generate their own electricity [4]. In the case of

end user who generate their own electricity (industries, con-

sortiums), they are required to buy CECs from the market as a

function of their % of annual electricity consumption or are

free to generate their own CECs, from the execution of their

own clean energy projects. In the case of users who generate

their own electricity by means of NGCCs, among the clean

energy technologies that could be incorporated in existing

facilities with minor modifications, or by retrofitting include

mainly two options: carbon capture and storage (CCS) and the

use of H2 as a clean fuel in order to access the clean energy

market.
CO2 mitigation strategies for reducing carbon emissions in
existing NGCC

The Mexican Government considers that CCUS is a key tech-

nology for the decarbonisation of the National electricity

sector in the coming years [5]. According to Mexican clean

energy regulation, the main criterion for a NGCCwith CCUS to
be considered as a clean energy technology is that the carbon

emission intensity of the power plant must not be greater

than 100 kg of CO2 for each MWh of electricity that is gener-

ated. Among the carbon capture technologies available for

existing NGCC power plants withminormodifications include

post-combustion carbon capture (PCC) based on aqueous

amine solvents which is the most mature one [6e11]. In the

Mexican context, Dı́az-Herrera et al. [12] performed a techno-

economic analysis about the carbon capture level design for a

NGCC with PCC technology using novel power plant configu-

rations. The results show that exhaust gas recirculation (EGR)

configuration offers better economic performance above 85%

capture level (~60 kg CO2/MWh). However, conventional NGCC

configuration with PCC results in a low-cost option for carbon

capture levels lower than 85%. Therefore, conventional NGCC

configuration with PCC could be a cost-effective technology

for carbon mitigation in existing facilities in the Mexican

context.

On the other hand, the feasibility of using mixtures of H2

and natural gas in gas turbines has been studied in recent

years as a transition strategy towards a decarbonised econ-

omy [13e18]. The H2 production process is a very important

factor when evaluating CO2 emissions and the economic

performance of the NGCC. Nowadays, the steam methane

reforming (SMR) is the most recognized process for H2 pro-

duction at commercial scale, and this mainly utilises natural

gas to generate significant carbon emissions [19e21]. Because

of its high carbon footprint, this type of H2 is known as “grey”

hydrogen. A cleaner version is “blue hydrogen” (bH2), for

which the carbon emissions from the SMR process are

captured and stored or reused. This capture technology with

chemical transformation from natural gas to bH2 is generally

referred to as pre-combustion. However, the bH2 production

process is not necessarily CO2-free because the pre-

combustion technology reaches a carbon capture level be-

tween 85 and 95% at best, which means that 5e15% of all CO2

is leaked [19,21]. The cleanest one of all is “green hydrogen”

(gH2), which is generated by surpluses of renewable energy

plants by the process of power-to-gas (P2G) technology, but

without producing direct carbon emissions. In general, as H2

becomes cleaner, its cost of production increases.

Many studies have performed comparisons between PCC

plant and pre-combustion technology (SMR þ CCS based

plants) in NGCC plants. In general, pre-combustion (bH2)

represents higher levelised cost of electricity (LCOE) and CO2

avoided cost (CAC) than PCC amine-based technologies. For

example, a study elaborated by IEAGHG R&D program [22]

reported a detailed techno-economic comparative analysis

between NGCC with PCC technology and NGCC with SMR and

pre-combustion capture with and without H2 storage system,

and the results show that only PCC plant and pre-combustion
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without H2 storage show carbon intensity below the limits

accepted by the Mexican law; while the option with H2 storage

demands extra energy consumption leading to higher carbon

intensity (104 kg CO2/MWh). For PCC and pre-combustion

technology, the CAC is 84 and 156 (V/ton CO2), respectively.

The main reason for this incremental cost is because of the

high CAPEX and energy consumption associated to SMR and

pre-combustion carbon capture plant.

Despite the use of bH2 and gH2 in NGCC leading to higher

cost thanNGCCwith PCC, there is a window of opportunity for

the use of H2 as motivated by Mexican regulation. Since the

NGCC with CCS must be designed to meet a specific carbon

intensity by law, the CCS installation is forced to be designed

to a specific nominal capacity, thus the CCS does not offer

flexibility in the production of CECs. In contrast, SMR and P2G

plants offer greater flexibility in the production of CEC by

allowing the NGCC to “connect” to the H2 supply chain when

clean electricity or CEC production is required; in other words,

the legislation allows the NGCC to produce partial CECs when

using H2, and this can be especially convenient for the end

user if the CEC obligations and its price tends to values close to

zero. The decision on which option is best to reduce carbon

emissions in NGCC at the lowest cost depends largely on the

CEC obligations, the CEC price in themarket, fuel cost, CAPEX,

among other key parameters.

In view of all the above, it is important to stress that the

original contribution of the present work aims to compare the

theoretical implementation of three different CO2 mitigation

strategies applicable to existing NGCCs under the context of

the Mexican clean energy regulation, namely: a) NGCC with

CCS; b) NGCC operating with bH2; c) NGCC operating with gH2.

These options are analysed from the point of view of end users

who generate their own electricity in meeting the National

goals in clean electricity generation during the period of

2020e2050. As far as we know, there are no previous works

reported in the literature comparing these technologies based

on the Mexican regulatory framework for clean electricity

generation. The work is organised as follows, first the meth-

odology is described. Then, the simulation results are pre-

sented. After that, the results of economic assessment are

discussed. Finally, a conclusion is reached.
Process description

Fig. 1 shows the block diagram of the case studies investi-

gated, namely: conventional NGCC (base case); NGCC retro-

fitted with PCC plant and compression system (CCS); NGCC

operating with bH2 and natural gas blends (bH2) and; NGCC

operating with gH2 and natural gas blends (gH2). For compar-

ison purposes, the power demand, annual electricity con-

sumption required by end user’s facilities and carbon

intensity by law (100 kg CO2/MWh) are the same for all cases.

The next section gives a more detailed description of each

case.

Conventional NGCC power plant

Fig. 2 shows the conventional NGCC power plant configura-

tion (base case). This includes: two gas turbine trains in
parallel, two heat recovery steam generator (HRSG) and one

steam turbine train. First, an air-fuel mixture is fed and

burned in the gas turbine to generate electricity. As combus-

tion product, hot flue gases stream is obtained, which still

contains energy in the form of heat, and this heat is used in

the HRSG. Three steam pressure levels can be generated in the

HRSG: high (HPST), intermediate (IPST), and low-pressure

steam (LPST). The steam produced in the HRSG goes to the

steam turbine to generate additional power. Exhausted steam

leaving the steam turbine condenses and is recycled to the

HRSG. Finally, the exhausted flue gases leave the HRSG and

are sent to a stack to be released directly to the atmosphere.

Additionally, it is hypothetically assumed that all the elec-

tricity generated is consumed in the end user’s facilities, that

is, there are no surpluses or shortages of electricity.

On the other hand, in this case, the end user is penalized

for not generating electricity from clean energy sources, and

therefore must buy CECs from other participants in the clean

energy market. The CEC obligations that end user must cover

are as a function of the National goals of clean electricity

generation. In thiswork, we estimate that end usermust cover

a CEC obligation between 28.0% and 42.6% of its total clean

electricity consumption during the period of 2020e2050 (see

Appendix A).

NGCC with CCS technology

Fig. 3 shows the general diagram of the NGCC with CCS

technology (CCS case). First, the hot flue gases leaving the

NGCC are cooled from ~110 �C to 40 �C and then are fed at the

bottom of the absorber column, where the CO2 is absorbed by

an amine solution that is fed from the top, and where a clean

gas stream is released to the atmosphere. Meanwhile, at the

bottomof the absorber, a CO2 rich solvent is obtained,which is

pumped, preheated and sent to the stripper column, where

the CO2 is separated from the solution by thermal energy

using steam extracted from the crossover of the steam tur-

bine. The CO2 leaving the top of the stripper is dried and

compressed to be transported by pipeline. A distance equal to

100 km is assumed between the capture plant facilities and

the reservoir. The hot lean aqueous amine solution leaving

the stripper is cooled down and recycled to the absorber.

This work focuses on CO2 capture through absorption with

aqueous monoethanolamine (MEA) because this is frequently

used as a benchmark solvent and has a well-documented

performance [23]. To meet the electricity consumption of the

PCC plant and CO2 compression system, electricity is extrac-

ted from the retrofitted NGCC. An extra NGCC power plant is

installed for repowering the NGCC capacity because of the

energy penalty caused by the PCC and compression system,

but the surpluses of electricity is injected into the grid for

selling.

On the other hand, the NGCC with CCS case is supposed to

be working at baseload conditions, this means that CCS

installation is always operated together with the NGCCs units

at their maximum capacity all the time, generating electricity

with overall carbon intensity equal to 100 kg of CO2 per MWh,

thereby allowing producing CECs also. Based on the law, the

end user generates and consumes 100% of its electricity froma

clean source, therefore itsmaximumobligation of CELs is fully
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Fig. 2 e Conventional NGCC power plant configuration. From Refs. [12].
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covered (see Appendix A). It is assumed that the surpluses of

CECs are sold to other participants.

Conventional NGCC powered by bH2 and gH2

Fig. 4 shows the general diagram of the conventional NGCC

powered by bH2 and gH2. The NGCC has exactly the same

configuration shown in Fig. 2, but with the difference that bH2

and gH2 are mixed with natural gas in adequate proportion to

meet an overall carbon emission equal to 100 kg of CO2/MWh.

Also, the NGCC can be “connected” to the H2 supplywhen they

are required. In the case of bH2, the fuel is supplied from a SMR

with CCS plant; since bH2 is not a carbon-free process, the

carbon footprint associated with its production is considered.

For this work, the results obtained by the IEAGHG, 2017 [21]

were considered for the bH2 production system, and the main

assumptions for the SMR unit with CCS are: 90% carbon cap-

ture level, a capacity factor of plant operation that is equal to

95%, a carbon footprint equal to 0.99 kg of CO2 per kg of H2

produced and; a H2 purity� 99.5% vol. In the case of gH2, this is

produced from water electrolysis process and with the use of

surpluses of renewable energy sources (P2G system). The re-

sults obtained by a Siemens study [24] were considered for the

P2G system, and it is assumed an electrolysers load factor that

is equal to 4000 h per year (45% capacity factor) with zero CO2

emissions, and a gH2 purity of �99.9% vol.

Regarding the CEC obligations, it is estimated that end user

must cover up to a 42.6% of its annual electricity consumption
from clean energy sources by law (see Appendix A), which

means that the NGCC unit must be H2-powered up to a 42.6%

of its annual capacity factor (NGCC operation in “clean”

mode); while, the remaining time can be operated with nat-

ural gas (NGCC operation in “dirty” mode). Additionally, it is

assumed that both, the CEC and electricity surpluses, are sold

to other market participants.

For simplifying both cases, bH2 and gH2, are supposed to be

supplied by a third-party company at fixed prices through a

long-term purchase agreement contract that are delivered to

the battery limits by pipeline. In addition, it is assumed a

multi-gigawatt-capacity H2 facility (both P2G and SMR þ CCS

plant) that is huge enough to be directly being feed into the

NGCC and other large-scale industries that are close to each

other through pipelines. Therefore, the H2 logistics and stor-

age costs considered for this work are marginal. Another

assumption that applies to both cases is that there is no lim-

itation on the amount of H2 in the fuel that can be burned in

the combustion chamber of the gas turbine. Details of the

changes in the combustion chamber, nozzles, and other gas

turbine systems to be able to burn rich-H2 fuel are not dis-

cussed in this paper.
Methodology

Fig. 5 shows the overview of the methodology implemented

for this study. First, the conventional NGCC process model

https://doi.org/10.1016/j.ijhydene.2020.10.076
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Fig. 3 eNGCCwith CCS technology. Note: the extra NGCC and CO2 compression system is not shown due to space limitations.
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(base case) is carried out and validated. Based on the results

obtained for the base case, CCS, bH2 and gH2 cases were

modeled and simulated. Subsequently, a cost estimation

modelling is carried out. Afterwards, a technical-economic

evaluation is carried out by integrating different in-

dicators, such as: cost of electricity (COE), CO2 avoided

cost (CAC) and, end-user electricity consumption cost

(EECC). Finally, a sensitivity analysis of EECC and CAC is

performed considering different key variables. Each stage of

the block diagram indicated in Fig. 5 is described in more

detail below.

Process modelling

� Process modelling of the NGCC power plants using Thermoflow™

software package

For the simulation process of the NGCC power plant, Ther-

moflow(™) software is employed because it provides confident

results representing the power plant performance under real-

istic conditions [22]. Thermoflow(™) software is divided into

two main groups of programs: a) specific application and b)

total flexibility (see Appendix B). In this work, only the GT Pro

andGTMaster programs are used from the specific application

group, and the Thermoflex from the total flexibility group. The

methodology for developing the model processes used in the

Thermoflow(™) software is described below.
� Modelling of the conventional NGCC plant using GT Pro.

First, a 7HA.01 gas turbine is selected in GT Pro, because this

is theworld’s fastest-growing fleet of gas turbines [13] and one of

the most modern gas turbines recently installed in Mexico [25].

Since GT Pro has the information of the gas turbine selected, the

only information needed as input data are the ambient site

conditions e.g. design temperature, height above sea level, fuel

composition and % relative humidity. Once the ambient site

conditions are selected, GT Pro software performs the design of

the steam turbines, HRSGs, condensers, heat exchangers,

pumps, etc. It is important to mention that, the only equipment

that is not dimensioned is the gas turbine, since as mentioned

above, it is selected from a list of gas turbines that are available

in the market. Table 1 presents the ambient site conditions and

the fuel composition taken to simulate the case studies.

� Modelling of the extra NGCC using GT Pro.

The energy penalty for a NGCC power plant with CCS is

well-known, and it is estimated at ~15% of its net power

output without CCS [10,12]. The net power output of the NGCC

selected (7HA.01 2 � 1 combined cycle) is 880 MW at ISO

conditions [26], thus, an extra NGCC must be installed with a

net power output of at least 132 MW for repowering. A SGT-

800 2 � 1 combined cycle from Siemens is selected in GT Pro

with an expected net power output from 144 to 180 MW [27].

https://doi.org/10.1016/j.ijhydene.2020.10.076
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Fig. 4 e Conventional NGCC powered by bH2 and gH2.
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The methodology for modelling this NGCC unit is the same as

that used for the base case previously described.

� Modelling of the NGCC at off-design conditions using GT Master

and Thermoflex.

Modifications in the design conditions of a NGCC must be

modeled at off-design condition. The H2 utilisation to fuel the

gas turbines and the extraction of steam for PCC plant are
Fig. 5 e Block diagram of the methodo
considered off-design conditions. In order to simulate the

conventional NGCC at off-design, the model developed in GT

Pro is sent to GTMaster. In that software, the size of the steam

turbines and some parameters e.g. heat transfer coefficient of

each section of the HRSG, condenser, and other heat ex-

changers were fixed. The GT Master software uses correla-

tions for heat transfer and pressure drop correlations which

are well described by Ref. [28,29] to represent the behaviour of

the HRSG at off-design.
logy implemented for this study.
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Table 1 e Ambient site conditions and fuel composition.

Conditions Unit Value

Air inlet temperature oC 15a

Air inlet pressure bar 1.013

Relative humidity % 60

Site elevation m 0

Natural gas composition e 100% methane

a Air composition (% vol.): 77.29% N2, 20.74% O2, 0.93% Ar, 0.03%

CO2, 1.01% H2O.
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In GT Master software, only conventional NGCC configura-

tion at off-design can be simulated. Due to somemodifications

needed in the NGCC, such as a system to extract steam from

the cross-over for the PCC or a mixer to blend the H2 with

natural gas, the model developed in GT Master was sent to

Thermoflex which is suitable for modification of the NGCC. In

Thermoflex, the NGCC is altered. For bH2 and gH2 cases, sim-

ulations of the NGCC performance were carried out by varying

the volume concentration ratio of H2:CH4 in the fuel; while for

CCS case, the performance of the retrofitted NGCC plant was

simulated based on steam demand for the PCC plant.

Process modelling of the PCC plant and compression system
using Aspen Plus software

� Modelling of the PCC plant.

The simulation was carried out with rate-based approach

because it provides better predictions for the overall perfor-

mance of the CO2 capture system, CO2 removal percentage or

capture rate, CO2 loading, reboiler duty, etc. Compared to the

equilibrium-stagemodel. The rate basedmodel is a very useful

simulation and optimisation tool to perform a sensitivity

analysis of some variables e.g. liquid/gas ratio (L/G), CO2 con-

centration in the feed stream, CO2 loading and MEA concen-

tration, operating pressure, packing height and type [30]. Table

2 shows themain technical conditions assumed for the design

of the PCC plant. To define the height of the columns at specific

capture level, the lean loading was kept at 0.27 [28]. The
Table 2 e Main technical conditions assumed for the
design of the PCC plant.

Operating conditions Unit Value

MEA concentration in the

solvent

% wt. 30

Lean loading mol CO2/mol MEA 0.27

Flue gas temperature at

absorber inlet

�C 40

Flue gas pressure at absorber

inlet

bar 1.13

Lean solvent temperature at

absorber inlet

�C 30

Lean/rich heat exchanger cold

outlet approach

�C 10

Stripper condenser

temperature

�C 40

Pressure of the stripper reboiler bar 1.9

Column packing e Mellapak, 250Y
diameters of the columns were calculated using Aspen Plus

based on the flue gas flow rate, and considering 80% flooding

factor with a Mellapak, Sulzer standard 250Y type of package.

To find the optimum size of the absorber, the height is varied

to get the highest rich loading. The ideal maximum rich

loading with MEA is close to 0.5 mol CO2/mol MEA. At specific

height, the liquid to gas ratio (L/G) is varied to reach a capture

level that allows a carbon intensity equal to 100 kg of CO2 per

MWh. The optimum packing volume is found when the effect

of varying the height of the column in the rich loading is

marginal. The size of the stripper column was estimated by

varying the boil up ratio (kg/kg) and the reboiler duty (MJ/

kgCO2). Like in the absorber column design, the optimum

packing volume is obtained when the effect of varying the boil

up ratio in the regeneration energy is also marginal [31].

� CO2 compression system.

The number of stages is based on the advice reported in

Ref. [32]. It depends on the nominal pressure ratio of the

compressor system and not for only one stage. To compress

CO2 from 2 bar to 110 bar, for which the pressure ratio is 55, six

stages are needed. For pressure ratios higher than 55 more

compressor stages might be necessary. In this work, the CO2 is

compressed from 1.875 bar to 150 bar, with a pressure ratio of

nearly 80. For that reason, one stage is added in this study i.e.

seven stages. Intercooling and water removal equipment after

each compressor were included. Fig. 6 shows the general dia-

gram of the CO2 compression system as simulated in Aspen

Plus. The system consists of two identical parallel compression

trains in order to avoid large amounts of CO2 being recirculated.

Centrifugal-type compressors were assumed, inter-coolers and

extraction equipment are used to cool the gas at 40 �C after

each compression stage and to condense the water thereby

reducing the gas volume in the next stage of the compressor.

Cost estimation approach

Capital cost
The method selected to calculate the capital cost (CAPEX) is

based on Ref. [34]. The bare module cost of the equipment “i”

ðCBM; iÞ is the sum of the direct and indirect costs associated to

the equipment purchase and installation [34,35]. The software

used to estimate the baremodule cost CBM;i of each equipment

is shown in Table 3. For the base case, no additional CAPEX is

needed, since the NGCC is assumed to be an existing plant

that has been paid completely. Meanwhile, for the CCS case,

the only additional CAPEX required is for the CCS facility and

the extra NGCC for repowering, which are estimated using the

software Capcost™ and PEACE™ from Thermoflow, respec-

tively. Since the handling of amine and CO2 in aqueous solu-

tion can cause serious damage to carbon steel, therefore, the

CAPEX of the CCS installation was estimated assuming that

the process equipment is made of stainless steel [36,37]. For

bH2 and gH2 cases, the conventional gas turbines must be

retrofitted for increasing its capabilities of H2 handling; thus,

an extra CAPEX equal to 25% of the CBM;i of conventional gas

turbines is assumed for the retrofitting the H2-powered gas

turbines. The CBM;i of conventional gas turbines is obtained

from a previous study published by the authors [12].
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Fig. 6 e Global schematic of the CO2 compression system as simulated in Aspen Plus. Own elaboration from Ref. [33].
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The bare module cost of the equipment iðCBM;iÞ is used to

calculate the total module cost ðCTM;iÞof each equipment using

Eq. (1) [34]:

CTM;i ¼CBM;i þ CCont;i þ CProc;i þ CFee;i (1)

where CTM;i is the total module cost of equipment i; CBM;i is the

baremodule cost of equipment i; CCont;i and CProc;iare the project

and process contingency cost of equipment i, respectively;

and CFeeiis the contractor’s fee cost of the equipment i. For all

equipment, CCont;i is considered 20% of the CBMi [12,38e40]. As

CProc;iis related to thematurity of the technology, therefore, it is

different for each equipment: zero for well-known technolo-

gies, e.g. extra NGCC power plant and CO2 compression sys-

tem [12,38e40]; and 20% of CBM;i for processes with low

technological maturity, e.g. PCC package [12,38,39] and H2-

powered gas turbine. CFee;i is considered 3% of the total CBM [34].

Table C1 shows the values of CBM;i, CCont;i, CProc;i, and CFee;i

considered for each equipment. The sum of allCTM;i is the total

module cost of the plant ðCTMÞ as expressed in Equation (2).

This information is used to calculate the total plant cost (TPC)

presented in Equation (3) [34]:

CTM ¼
Xn
i¼1

CTM;i (2)

TPC¼CTM þ CGR (3)

where CGR is the grass root cost. The CGR is related to the extra

cost investment required to build a new plant (greenfield

plant) and is defined by Equation (4) [34]:

CGR ¼Caux þ Cland (4)
Table 3 e Capital cost software used to estimate the bare
module cost of each equipment, CBM;i.

Equipment, i Software Classa Uncertainty

Extra NGCC power plant PEACE ™ IV �15%/þ30%

PCC plant Capcost ™ IV �15%/þ30%

CO2 compression system Capcost ™ IV �15%/þ30%

Notes.
a Cost estimate classification used in this work is that from the

Association for the Advancement of Cost Engineering Interna-

tional (AACE) [22].
where Caux is the cost of auxiliary facilities; Cland is the cost

related to the land and yard improvements. CGR is considered

24.4% of TPC (32.3% of CTM) [41]. Subsequently, the total

owners’ cost (TOC) is estimated using Equation (5):

TOC¼TPCþ Cown (5)

where Cownis the owners’ cost which is calculated considering

7% of TPC [12]. However, this TOC value only applies to

greenfield plants, therefore this value must be updated for

retrofitting NGCC units. A factor equal to 1.09 was used to

adjust the TOC from greenfield to retrofit plant based on a

DOE/NETL study [42]. In addition, a location factor equal to

1.01 was used to adjust the TOC from U.S. Gulf Coast to the

Mexican region [58] after [59]. Equation (6) shows the TOC of

retrofitting NGCC power plants in Mexico:

TOCretrofit ¼TOC*110:1% (6)

Finally, the TOC retrofit was updated to 2017 using the

Chemical Engineering Plant Cost Index (CEPCI) (see Equation

C1).

Operating and maintenance cost
For NGCC plants, the operating and maintenance (O&M) costs

are provided by Ref. [12,43]; which includes real O&M cost

used in Mexico, therefore it is not necessary to include any

location factor. For PCC and compression system, the O&M

cost was obtained by the scaling method factor based on

Ref. [44], for which the reference location is the U.S. Gulf

Coast, therefore these costs must be adjusted to the Mexican

region. A location factor equal to 0.76 was used to adjust the

O&M costs fromU.S. Gulf Coast to the Mexican region [12] (see

more details in Appendix C).

Fuel cost
Fuel costs vary depending on the energy resources available in

each region or country. For Mexico, the baseline natural gas

price assumed is $5.4 per million of British thermal unit

($/MMBtu); this was determined using historical data from

U.S. EIA [45]. Based on the baseline natural gas price, the cost

of bH2 is calculated in $2.0 per kilogram. Meanwhile, the

baseline gH2 cost considered is $3.5 per kilogram. All fuel costs

are expressed for the reference year of 2017 at a constant-

dollar exchange rate. More details are given in Appendix D.
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Techno-economic indicators

Cost of electricity
The primary cost metric used in this work for comparison is

the cost of electricity (COE), which is the cost for clean elec-

tricity production during the NGCC’s first year of operation

after CCS facility is installed, or by the incorporation of H2 in

the fuel, at baseload conditions (100% of time running power

plant with H2 utilisation or CCS). The equations used to

determine the COE for each case are shown below:

� Base case:

COEbase ¼ VOMbase þ FOMbase þNGbase

MWbase*CF*8760
(7)
� CCS case:

COECCS ¼ VOMCCS þ FOMCCS þNGCCS þ TOCretrofit; CCS*CCFþ TS

MWCCS*CF*8760
(8)

� bH2 case:

COEbH2
¼ VOMbH2

þ FOMbH2
þ bH2 þ TOCretrofit; bH2

*CCF

MWbH2
*CF*8760

(9)
� gH2 case):

COEgH2
¼ VOMgH2

þ FOMgH2
þ gH2 þ TOCretrofit; gH2

*CCF

MWgH2
*CF*8760

(10)
CCF ¼ r ð1þ rÞT
ð1þ rÞT � 1

(11)

where.

COEx ¼ Cost of electricity, subscript indicates each case

($/MWh).

MWx ¼ net power output, subscript indicates each case

(MW),

VOMx ¼ variable O&M cost, subscript indicates each case

($/year).

FOMx ¼ fixed O&M cost, subscript indicates each case

($/year).

NG ¼ natural gas cost, subscript indicates each case

($/year).
EECC¼VOMCCS þ FOMCCS þNGCCS þ TOCretrofit; CCS*CCFþ TS� CSCCS*C

PD*CF*8760
bH2 ¼ bH2/natural gas mixture fuel cost ($/year).

gH2 ¼ gH2/natural gas fuel cost ($/year).

TOCretrofit; x ¼ total owners’ cost for retrofitting, subscript

indicates each case ($/year).

CCF ¼ Capital charge factor (dimensionless).

r ¼ interest rate

T ¼ economic life of the project.

TS ¼ CO2 transport and storage cost ($/year).

CF ¼ Capacity factor (fraction).

For all cases, it is assumed that, hypothetically, the projects

begin operations in 2020, with 30 years of the economic life, an

annual interest rate equal to 10% and, a capacity factor (CF) of

0.90. For the CCS case, CO2 transport and storage cost is

assumed as 10 $/tCO2 (2011) based on DOE/NETL study [46].

This value was updated to 2017 year (9.7 $/tCO2) using the

Equation C1.

CO2 avoided cost
The CO2 avoided cost (CAC) is a standard measure used to

compare the effectiveness of different carbon reduction op-

tions. This indicator compares a power plant with a carbon

mitigation technology to a “reference plant” without CO2

reduction technology, and quantifies the average cost of

avoiding a unit of atmospheric CO2 emissions per MWh [47].

For all cases, the CAC is calculated using Equation (12). For this

work, conventional NGCC without capture (base case) is the

reference plant.

CAC ð$ = tCO2Þ ¼

2
64ðCOEÞx � ðCOEÞbase�

tCO2
MWh

�
base

�
�
tCO2
MWh

�
x

3
75 (12)

End-user electricity consumption cost
Equations (7)e(11) were used for calculating the overall end-

user electricity consumption cost (EECC). This financial indi-

cator refers to the global financial balance for the cost of

electricity consumption by the end user, considering not only

the cost components included in the COE (fuel cost, capital

cost, O&M cost), but also the surplus/requirements of CEC,

electricity export and it is price, price of CEC, percentage of

time of usage of bH2 and gH2 in NGCC, as well as the CEC

obligations to be covered by the law. Equations (13)e(16) are

proposed to calculate the EECC for each case:

� Base case:

EECC¼VOMbase þ FOMbase þNGbase þ Cpur*CP

PD*CF*8760
13
� CCS case:
P� EECCS*EP
14
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� bH2 case:
EECC¼VOMbH2
þ FOMbH2

þ bH2 þ TOCretrofit; bH2
*CCF� CSbH2

*CP� EEbH2
*EP

PD*CF*8760
15
� gH2 case:
EECC¼VOMgH2
þ FOMgH2

þ gH2 þ TOCretrofit; gH2
*CCF� CSgH2

*CP� EEgH2
*EP

PD*CF*8760
16
where:

EECC ¼ end-user electricity consumption cost ($/MWh

consumed),

CSx ¼ annual CEC surplus for selling, subscript indicates

each case (CEC/year).

CP ¼ CEC price in the market ($/CEC).

EEx ¼ annual electricity export to the grid, subscript in-

dicates each case (MWh/year).

EP ¼ electricity price in the market ($/MWh).

Cpur ¼ annual CEC purchased (CEC/year).

PD ¼ power demand for end-user facilities (MW).

Depending on each case, the annual fuel consumption and

CEC surplus for selling or purchasing are calculated as a

function of the CEC obligations by law. For example, since the

base case does not generate clean electricity, so the users need

to buy CECs from the market equal to a percentage of their

annual electricity consumption; or for dual-fuel operation

cases, the annual fuel cost is a function of the NGCC operating

time in “clean mode”, this time is related to CEC’s obligations

mandatory by law.

On the other hand, the power demand, PD, is assumed to be

equal to the base case net power output (MWbase) for all cases.

The baseline electricity price in the market is considered as

$77 per MWh (see details in Appendix D). Additionally, since

CECs are a market instrument, their price is not fixed, but

depends on supply and demand. In this work, the baseline

CEC price is assumed as $18.5 per MWh based on Refs. [48,49].

Finally, the EECC values were calculated varying the % of CEC

obligations from 0% to 100%, which is defined as a function on

the percentage of the annual electricity consumption.
Fig. 7 e Validation of the gas turbine: GT gross power

output versus % of load condition evaluated at ISO

conditions.
Results and discussion

This section begins with the validation of the model of the

base case. Then, the simulation results of the performance of

NGCC power plant for each case are given. From this data, an

economic analysis is carried out, then a sensitivity analysis of

the EECC and CAC is performed by varying key cost

parameters.
Model validation

The simulation results of gas turbine performance obtained

from Thermoflow™ are compared and validated against
available manufacturer data [50] to test its performance and

accuracy. Fig. 7 shows the validation of the gas turbine

simulation. From this, we can observe a good agreement be-

tween the two data sets. There is a small deviation (~3%) due

the reference data that includes performance for the most

recent GT model (reference year 2019), while our GT perfor-

mance from Thermoflow™ is an older model (reference year

2017).

Simulation results

Fig. 8 shows the effect of adding amounts of H2 in the fuel (by

volume) on the CO2 emission reduction and carbon intensity.

For both curves, we can see a non-linear tendency. This

behaviour is because the gas turbine requires constant heat

input and since H2 has a lower volumetric energy density than

CH4, a blend on a volumetric basis might contain less heat

input initially due to relatively less thermal energy of the H2

input [13]. In addition, for the selected gas turbine, the

maximum H2 concentration in fuel to burn in this system is

https://doi.org/10.1016/j.ijhydene.2020.10.076
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Fig. 8 e Carbon intensity of the NGCC power plant operating under different H2/CH4 blends. Note: H2 was assumed to be

produced with zero emissions.
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50% vol [13,15,17]. Thus, based on this practical limit (253 kg

CO2/MWh), the by law is not met. Nevertheless, General

Electric is developing combustion technologies that could in-

crease the level of H2 concentration in fuel up to ~100% (by

volume) with minor modifications in coming years [15,17]. In

the theoretical scenario, where there is no limit on the con-

centration levels of H2 in the burner, in order to meet a carbon

intensity equal to 100 kg CO2/MWh, a blend equal or higher

than 88.3% vol. of gH2 would be required. This value would

allow a carbon reduction of 69% compared to the base case. In

real life, the use of H2 in NGCCs in the short term can be

limited to low concentrations in the fuel at 5e10% by volume.

This is because of twomain reasons: a) blending limits in fuels

for its safe use in existing pipelines infrastructure [18] and; b)

its use in gas turbines without major changes in the burner

system [13,51]. Since carbon intensity for these low concen-

trations is clearly well above the permissible level by law, then

changes in the Mexican regulations must be made in order to

enable deployment and use of gH2 as well as bH2 in the

Mexican power sector in the short term.

Table 4 shows the performance of the power plant for all

case studies at baseload conditions, 100% of time running

power plant with H2 utilisation or CCS. The CCS case repre-

sents the highest net power output productionwith 859.2MW.

The net power output of the retrofitted NGCC power plant

reduces from 822.6 MW to 711.1 MW when a PCC plant is

incorporated (111.5 MW). To compensate this energy reduc-

tion, the extra NGCC power plant generates a net power

output equal to 148.2 MW (see Table E1). Meanwhile, the gH2

and bH2 cases represent a similar net power production
(~840 MW). Also, the power output increases as H2 is added to

the fuel, thereby increasing the power from 822.6 MW (base

case) to 838.1 and 840.9 MW, when the H2 concentrations in

the fuel are equal to 88.3% and 93.7 %vol. for gH2 and bH2

cases, respectively. This occurs because the adiabatic flame

temperature of H2 is higher than that of CH4 [52e54]. This

leads to an increase in the turbine inlet temperature, which is

what finally explains the increase in the power output (see

Figure E1).

Table 5 shows the performance and sizing of the PCC plant.

The PCC consists of 4 trains of absorbers (2 per gas turbine

train) and 2 strippers. The total steam extracted from NGCC

crossover to the PCC plant is 116.4 kg/s, which is equivalent to

a reboiler duty that is equal to 3.76 MJ/kgCO2. This value is in

good agreement with those reported for the MEA-based car-

bon capture process in the literature [7,10,28]. A sensitivity

analysis was carried out to estimate the size of the absorber

and stripper. Fig. 9 shows the variation of the packing volume

in the absorber as a function of the CO2 rich loading, and at

certain point by increasing the size of the equipment no sig-

nificant benefits were further observed. By stoichiometry, the

ideal maximum rich loading with MEA is close to 0.5 mol CO2/

mol MEA. In Appendix E, the results of the optimisation of

sizes of the absorber and stripper are shown (see Figures E2

and E3).

Figs. 10 and 11 show the% of CEC obligations versus annual

CEC production and annual average carbon intensity for all

case studies. The % of CEC obligations is as a function of the

annual electricity consumption in end user’s facilities (see

Appendix A). In both Figures, the yellow block represents the
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Table 4 e Performance of the power plant for all case
studies at baseload conditions.

Base
case

CCSa,b bH2
c gH2

c

Fuel composition Units

CH4 % vol. 100 100 6.3 11.7

H2 % vol. 0 0 93.7 88.3

Plant summary

Plant gross output MW 843.7 995.6 874.4 869.7

Auxiliary consumption MW 21.2 24.9 33.5 31.6

Power output without

CO2 capture

MW 822.6 970.7 840.9 838.1

Power output with CO2

capture

MW e 879.8 e e

Power consumption for

CO2 compressor unit

MW e 20.5 e e

Net power output MW 822.6 859.2 840.9 838.1

Net efficiency % 60.0 52.2 60.0 60.0

Electricity balance

Electricity produced MWh 822.6 859.2 840.9 838.1

Electricity

consumption

MWh 822.6 822.6 822.6 822.6

Electricity exported MWh 0.0 36.6 18.3 15.5

Electricity imported MWh 0.0 0.0 0.0 0.0

Fuel consumption

Total fuel mass flow

rate

kg/s 27.4 32.9 14.6 16.5

CH4 mass flow rate kg/s 27.4 32.9 5.1 8.4

bH2 mass flow rate kg/s 0.0 0.0 9.6 0.0

gH2 mass flow rate kg/s 0.0 0.0 0.0 8.1

Fuel LHV chemical

energy input

MW 1371.8 1646.5 1402.5 1397.8

Flue gas composition

Total flue gasmass flow

produced

kg/s 1146.1 1419.1 1133.3 1135.2

N2 % mol 74.0 74.0 72.3 72.5

O2 % mol 11.4 11.4 12.1 12.0

CO2 % mol 4.3 4.3 0.8 1.3

H2O % mol 9.4 9.4 13.9 13.3

Ar % mol 0.9 0.9 0.9 0.9

Carbon emissions

Direct CO2 emissions kg/s 75.7 90.9 13.9 23.3

CO2 stored kg/s No 67.0 No No

Net CO2 emission rate kg/s 75.7 23.9 23.4d 23.3

Carbon intensity kg CO2/MWh 331.3 100.0 100.0 100.0

CECs production rate CECs/h 0.0 859.2 840.9 838.1

Notes.
a For the CCS case, details of the extra NGCC power plant perfor-

mance is shown in Table D1.
b The captured CO2 is from the retrofitted-NGCC’s flue gas.
c Values shown represent the NGCC performancewhen this is fully

operating with H2, when not, the values are those of the base

case.
d The indirect CO2 emissions for bH2 production is 0.99 kg of CO2

per kilogram [21].

Table 5 e Performance and sizing of the PCC plant for
reaching a carbon intensity equal to 100 kg CO2/MWh.

Units NGCC

Total CO2 in flue gas stream kg/s 75.7

Total CO2 captured kg/s 67.0

Specific capture levela % 88.5

Overall capture levela % 73.7

Total steam extracted to PCC kg/s 116.4

Reboiler duty MJ/kgCO2 3.76

Absorber diameter m 11.3

Absorber volume packing m3 1591

Stripper diameter m 6.1

Stripper volume packing m3 463

Number of absorbers operating e 4

Number of strippers operating e 2

a Specific capture level refers to captured CO2 from retrofitted-

NGCC’s flue gas. Meanwhile, the overall capture level considers

the total flue gas generated from retrofitted NGCC and extra

NGCC.

Fig. 9 e Variation of rich loading from the absorber for

NGCC operations at 88.5% capture level.
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minimum and maximum value of the % of CEC obligations

that end user must cover in meeting the National goals of

clean electricity generation during the period of 2020e2050. As

wementioned earlier, the CCS case does not offer flexibility in

the production of CECs, as it always produces surpluses of
CECs for selling. This is because the CCS installation is forced

to be designed to a specific nominal capacity of the power

plant that must meet a carbon emission intensity of at most

100 kg of CO2 per MWh in order to be recognized as a clean

energy source by law (see Fig. 11). Meanwhile, for the bH2 and

gH2 cases in general terms, these produce the same number of

CECs and carbon intensity (overlap lines) as a function of the

CEC obligations. By law, both cases have a greater flexibility in

the production of CEC thereby allowing the NGCC to “connect”

to the H2 supply when clean electricity (or CEC production) is

required. This is convenient for the end-user because they do

not need to worry about differences in plants availability.

Also, this could be favourable for H2 producers since by selling

their surpluses to power plants owners, they could be oper-

ating the plants at a higher capacity factor thereby avoiding

the extra cost of storage in order to produce H2 in a more

economical way.
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Fig. 10 e Annual CEC production as a function of the % of

CEC obligations. NOTES: Since the base case does not

produce CECs, the red line represents the amount of CEC

that must be bought in the market. 2) The difference in CEC

production between H2 utilisation options and the base

case is due to electricity surpluses (2e3%). This variation

does not affect the results. . (For interpretation of the

references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 6 e Capital cost for all case studies (2017 constant
$).

Units Base
casea

CCS bH2 gH2

H2-powered gas turbine

Retrofitting cost (2 trains) $M 0.0 0.0 42.6 42.6

Extra NGCC power plant

Extra NGCC power plant $M 0.0 87.9 0.0 0.0

PCC plant

Absorber sectionb $M 0.0 320.3 0.0 0.0

Stripper section $M 0.0 139.7 0.0 0.0

CO2 compression package

Compressors $M 0.0 39.3 0.0 0.0

Intercooling system $M 0.0 7.0 0.0 0.0

Bare module cost (CBM) $M 0.0 594.2 42.6 42.6

Process contingency $M 0.0 92.0 8.5 8.5

Contingency project $M 0.0 118.8 8.5 8.5

Contractor’s Fee $M 0.0 17.8 1.3 1.3

Total module cost (CTM) $M 0.0 822.8 61.0 61.0

Grass roots cost $M 0.0 265.6 19.7 19.7

Total Plant Cost (TPC) $M 0.0 1088.4 80.6 80.6

Owner’s cost $M 0.0 76.2 5.6 5.6

Total Owner’s cost (TOC) $M 0.0 1164.6 86.3 86.3

TOC retrofit at Mexican

regionc

$M 0.0 1282.2 95.0 95.0

a For the base case, no additional CAPEX is needed, since the NGCC

is assumed to be an existing plant that has been paid completely.
b The absorber section includes the interconnecting cost with the

retrofitted NGCC power plant. In this work, the interconnecting

cost is equal to $M 10.3 based on Ref. [12].
c A factor equal to 1.09 was used to adjust the TOC from greenfield

to retrofit plant based on Ref. [43]. A location factor equal to 1.01

was used to adjust the TOC from U.S. Gulf Coast to the Mexican

region [58] after [59].
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From Figs. 10 and 11, we can observe that Mexican law has

2 serious problems: firstly, although the CCS is being consid-

ered as a “clean” energy source because the carbon intensity is

equal to 100 kg CO2/MWh; nevertheless, the fact is, around a

26.3% of total CO2 emissions are released to the atmosphere
Fig. 11 e Annual average carbon intensity as a function of

the % of CEC obligations.
and; secondly, the CCS technology is not able to produce CECs

dynamically as a function of the carbon capture level. The

main benefit however for allowing partial production of CECs

in the CCS projects based on merit of carbon mitigation, is the

possibility for different stakeholders which could cover their

CECs obligations by sharing infrastructure, thereby trans-

lating to a risk and cost reduction associated with the tech-

nology (e.g. 3 companies could share a single CCS facility). For

this purpose, modifications to the Mexican clean energy

regulation must be considered.

The next section gives economic implications of each case

under the context of the Mexican clean energy regulation.

Economic analysis

Table 6 presents the capital cost for all case studies. As we

expected, the CCS case presents the highest capital cost with a

TOC retrofit equal to $M 1282.2, which is mainly associated to

the PCC plant. Meanwhile, for bH2 and gH2 cases, the TOC for

retrofitting H2-powered gas turbines is $M 95. The CAPEX of

the NGCC with CCS was compared to the information pre-

sented by different authors. As shown in Table E2, the result is

in good agreement with the range reported in the literature.

Table 7 presents the O&M costs for all case studies

(excluding fuel cost). For the base case, O&M annual cost is $M

28.4, which is the same for bH2 and gH2 cases; and this

https://doi.org/10.1016/j.ijhydene.2020.10.076
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Table 7 e O&M cost for all case studies (2017 constant $).

Unit Base case CCS bH2 gH2

Power plant

Fixed O&M costsa M$/year 12.2 15.5 12.2 12.2

Variable costsb M$/year 16.2 19.1 16.2 16.2

CO2 capture and compression

Fixed O&M costsc,e M$/year 0 16.9 0 0

Variable costd,e M$/year 0 12.5 0 0

Total O&M e net M$/year 28.4 64.1 28.4 28.4

CO2 transport cost

Total CO2 captured ton/year e 1901935 e e

Transport cost f M$/year - 18.4 - -

a For the base case, it assumed a FOM cost equal to 12.2M$ per year

[12]. For bH2 and gH2 cases, it assumed a FOM cost equal to the

base case. For the CCS case, it assumed an additional FOM cost

equal to 2% of the TOC of the extra NGCC power plant [12,43].
b For the base case, it assumed a VOM cost equal to $2.5/MWh

[12,43]. For bH2 and gH2 cases, it assumed a VOM cost equal to the

base case. For the CCS case, an additional VOM cost is added

corresponding to the net power produced in the extra NGCC

power plant.
c The FOM cost is equal to 2% of the TOC of the PCC plant and

compression system [44].
d The VOM cost is equals to 1.475% of the TOC of the PCC plant and

compression system [44].
e Location factor of 0.76 was used to tropicalize the O&M costs to

the Mexico’s region [55] after [56].
f 10 $/tCO2 (2011) is considered based on [46] and updated to

2017 ¼ 9.7 $/tCO2.
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because it is assumed that retrofitted gas turbines do not

affect the NGCC’s fixed O&M (FOM) and variable O&M (VOM)

annual costs. Meanwhile, the CCS case has the highest O&M

annual cost equivalent to $M 64.1, which is more than double
Fig. 12 e Cost of electricity and CO2 c
the base case. Additionally, the CO2 transport and storage

annual costs are estimated in $M 18.4.

Tables 4, 6 and 7 are used to calculate COE and CAC, which

are shown in Fig. 12 for all case studies. COE is 35.1, 67.6, 94.5

and 135.9 $/MWh for the base, CCS, bH2 and gH2 cases,

respectively. For all cases, the fuel price is the most important

cost component. Despite the gH2 is produced at a low

renewable electricity cost, this still represents the highest COE

among the clean technologies evaluated. This is because the

actual gH2 cost ($30.4/MMBTU) is much higher than bH2 cost

(~$17.8/MMBTU) and natural gas ($5.4/MMBTU). Although the

incorporation of a CCS facility in an existing NGCC is expen-

sive in terms of CAPEX, its implication on the COE however is

lower compared to the cost of operating the NGCC with H2. In

addition, as it was expected, gH2 case presents the highest

CAC with a value equal to $435.8 per tCO2, which is 210% and

69.6% higher compared to the CCS ($140.4/tCO2) and bH2 cases

($256.9/tCO2), respectively.

Fig. 13 shows the EECC as a function of the % of CEC obli-

gations for all case studies. The dashed yellow lines represent

theminimum andmaximum value of % of CEC obligations for

the end user in meeting the National goals of clean electricity

generation during the period of 2020e2050. As we can see, the

base case represents the lowest EECC; and this is because the

current CEC price is not high enough to promote investments

of clean technologies into existing NGCC power plants.

Among the clean technologies evaluated however, the CCS

presents a lower EECC than bH2 and gH2 cases for the CEC

obligations levels in meeting the National goals. Meanwhile,

bH2 and gH2 cases present a lower EECC than the CCS case for

CEC obligations values lower than 28.4% and 13.7% of the

annual electricity consumption, respectively. Despite that H2

utilisation could bring better economic benefits for end users
ost avoided for all case studies.
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Fig. 13 e EECC as a function of the % of CEC obligations for all case studies.

Fig. 14 e Effect of CEC prices in the EECC for the minimum (a) and maximum level (b) of the % of CEC obligations for the end

users in meeting the National goals.
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Fig. 15 e Effects of varying capacity factor, CAPEX and fuel prices in the CO2 avoided cost.
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than the CCS at very low levels of CEC obligations, their

average carbon intensity is much higher (see Fig. 11).

In the next section, a sensitivity analysis of the EECC and

CAC is carried out by varying key parameters.

Sensitivity analysis

Fig. 14 shows the effect of CEC prices in the EECC for the

minimum and maximum level of the % of CEC obligations in

meetingNational goals. Aswe can see, the CCS is attractive for

a CEC price above $31, which represents an increment of

about 68% of CEC from the baseline price. Based on the

Mexican clean energy regulation, the use of bH2 in existing
NGCCs is more economical for the end users than a CCS fa-

cility as the CEC obligation is lower and the CEC price tends to

zero. While, the gH2 case it is not economically competitive

with the CCS.

On the other hand, the option to “connect” the CCS

installation just to cover the CEC obligations does not make

sense because a large investment is needed for a CCS instal-

lation ($M 1282), and this would conduct to a lower plant ca-

pacity factor and, obviously, higher EECC values. As we

previously mentioned, this is caused by the current regulation

because it allows H2 utilisation that can produce partial CECs,

but is not applicable for CCS; and thiswould alter the results of

CEC production aswell as carbonmitigation levels (see Figs. 10

https://doi.org/10.1016/j.ijhydene.2020.10.076
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Fig. 16 e CO2 avoided cost for the CCS case and the use of

blends of bH2 and natural gas in existing NGCC at different

fuel price scenarios.
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and 11). Therefore, the EECC is not a good indicator for com-

parison because it does not include the carbonmitigation level

compared to the base case, thus CAC is included in this

analysis.

Fig. 15 presents the effects of varying the capacity factor,

CAPEX and fuel prices in the CO2 avoided cost. From this

analysis, as we expected, fuel price is the most sensitive

parameter in the CAC. Additionally, the CCS case shows a

better economic performance than H2 utilisation cases in
Fig. 17 e CO2 avoided cost for the use of blends of gH2 and

natural gas in existing NGCC at different fuel price

scenarios.
terms of carbon mitigation in existing NGCCs plants. Since

fuel prices are a key parameter indicator in the carbon miti-

gation from existing NGCC power plants, a more extensive

analysis is done.

Fig. 16 shows the CAC for the CCS case and the use of

blends of bH2 and natural gas in existing NGCC at different

fuel price scenarios. From this figure, it can be observed that

bH2 case has higher CAC than the CCS for all natural gas price

scenarios, and this is because bH2 production comes from

natural gas, being one of themain cost component in the SMR

production [21].

On the other hand, Fig. 17 shows the CAC for the use of

blends of gH2 and natural gas in existing NGCC at different

fuel price scenarios. For a low natural gas price equal to $ 1/

MMBTU, the gH2 case has a lower CAC than the CCS for gH2

costs equal to or less than $ 0.9 per kg. To put this number in

perspective, a gH2 cost that is equal to $0.9 per kg represents a

reduction of around 74% from the baseline value that is used

in this work; thus extrapolating values from Figure D5, it can

be clearly seen that it is not possible to achieve this value with

the current P2G technology. Therefore, improvements on the

electrolyser efficiency and its cost reduction must be

addressed for reaching competitive gH2 prices in existing gas

turbine infrastructure in the coming years.
Conclusions

This study consisted of a theoretical comparison of three

different CO2 mitigation strategies applicable to existing

NGCCs under the context of the Mexican clean energy regu-

lation: a) NGCC with CCS; b) NGCC operating with bH2; c)

NGCC operating with gH2. These options were analysed from

the point of view of the end users in meeting the National

goals in clean electricity generation during the period of

2020e2050. Process simulations, cost estimation and a

techno-economic analysis were performed. Based on the re-

sults obtained, this work concludes the following:

� H2 utilisation in existing NGCCs requires very high con-

centration levels of H2 in fuel (% vol. � 88%) in order to

reach the carbon intensity level that is mandatory by law

(100 kg CO2/MWh). For the selected gas turbine however,

the H2 concentration level at 50% vol is well below the

minimum permissible today’s concentration of H2 in fuel

to burn in the combustion chamber. Since the carbon

emission intensity for this low concentration is clearly well

above the permissible level by law, then changes in the

Mexican regulations must be made in order to enable

deployment and use of gH2 as well as bH2 in the Mexican

power sector in the short term.

� Based on the current Mexican law, the results show that

bH2 utilisation brings better economic benefits for the end

users than CCS due to lower EECC values at very low sce-

narios of % CEC obligations and very low CEC prices.

Nevertheless, in terms of carbon mitigation cost, the CCS

represents a lower CAC than bH2 case. In addition, the gH2

utilisation in existing NGCCs is not economically compet-

itive with the CCS technology for the current fuel prices

scenario. For a low natural gas price equal to $ 1/MMBTU,
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the gH2 case is economically attractive from a gH2 pro-

duction cost equal to or less than $ 0.9 per kg; but this cost

cannot be achieved with the current P2G technology.

Therefore, improvements of the P2G technology must be

addressed in the coming years for reaching competitive

performances with CCS in power plant applications.

� The results show that CCS is a robust technology in eco-

nomic terms for reducing carbon emissions in existing

NGCCs under the current Mexican legal framework.

Despite this, CCS is only attractive for a CEC price above

$31, and this represents an increment of about 68% of CEC

from the baseline price. Therefore, two possible solutions

for deployment of CCS technology in existing NGCCs are

two: a) to increase the CEC value in the market, b) and that

the Government should grant CECs for merits at the levels

of CO2 that is both captured and stored. Some of the ben-

efits that these solutionswould provide is the promotion of

higher levels of capture (or lower carbon intensities),

which, in turn, would encourage the electricity generation

close to zero emission levels; and this would allow

different stakeholders (end users) to deduce their CEC ob-

ligations by sharing infrastructure, thereby translating to a

risk and cost reduction associated with CCS technology.

For this purpose, deeply modifications to Mexican clean

energy regulation must be made.

� An alternative that can reduce the costs of CCS projects in

existing NGCCs is the sale of CO2 for use in specific appli-

cations e.g. enhanced oil recovery (EOR), chemical and food

industry, among others. This possibility, together with the

suggested changes to the legal framework described in the

previous point, could bring economically attractive sce-

narios for end users in the short term. This analysis will be

part of future work.

� Finally, it is expected that this study will serve as a refer-

ence for decision-makers to introduce changes to the

Mexican clean energy regulatory framework in order to

define new technical and administrative criteria for
Fig. A1 e Percentage of clean electricity generation in recent year

2020e2050. Own elaboration from Ref. [1,57e60].
promoting market entry of these technologies in the

country, e.g. CEC regulation, H2 quality requirements, H2

concentration in blending, among others.
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Appendix A

� Estimation of the CEC obligations for the end user in

meeting National goals of clean electricity generation

In 2018, the Mexican Government implemented the

clean energy certificates (CECs) with the objective to pro-

mote new investments in clean electricity generation in

meeting the National goals of clean electricity generation,

namely: 25%, 30%, 35%, 40% and 50% of clean electricity

generation for the years 2018, 2021, 2024, 2035 and 2050,

respectively [2,3]. Figure A1 shows the percentage of clean

electricity generation and the National goals for the period

of 2020e2050.
s and the National goals of clean electricity for the period of

https://doi.org/10.1016/j.ijhydene.2020.10.076
https://doi.org/10.1016/j.ijhydene.2020.10.076


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2 9e2 7 5 42748
TheMexican Ministry of Energy publishes every year in the

Diario Oficial de la Federaci�on (Official Journal of the Federa-

tion) the percentage of CEC obligations that end users must

cover for a 3-year in advance period in order to meet the Na-

tional goals for that period. The percentage of CEC obligations

that end usersmust cover each year is calculated based on the

percentage of clean electricity consumption and the total

amount of CECs per year required inmeeting National goals of

clean electricity generation, this is determinate using the

following formula [3]:

R¼O
C
*100% A1

Where R is the percentage (%) of CEC obligations per year,

expressed as a percentage of clean electricity consumption in

meeting the National goals; O is the total amount of CECs per

year required in meeting National goals, expressed in MWh of

clean electricity consumption, and; C is the annual electricity

consumption in the National electrical grid, expressed in

MWh of electricity. In turn, C is a function of the annual

electricity generation (G, MWh) and, the fraction of electricity

losses in the grid (L) [3]:

C¼Gð1� LÞ A2

Additionally, O is obtained using Equation (3) [3]:

O¼G*N�H A3

Where N is the National goal of clean electricity generation

per year, expressed as the minimum percentage of clean

electricity generation in the National grid, and; H is the clean

electricity generation from projects installed prior to the

promulgation of the Mexican clean energy regulation,

expressed in terms of MWh of electricity. Combining Equation

(A1)-A3, R can be expressed as follows:

R¼G*N�H
Gð1� LÞ*100% A4

Since a clean technology project is operated for a long-term

(more than 25 years) and, is not possible to know the value of R

for a 3-year in advance period, it is necessary to estimate the

average of the percentage of CEC obligations that end users

must cover along this period, and this could be estimated as

follows:

Ravg ¼
PN

i
Gi*Ni�Hi
Gi�Li

N� i
*100% A5

Where Ravg is the average of percentage of CEC obligations

for a determinate period, expressed as a percentage of clean

electricity consumption in meeting the National goals in a

specific period, and; i and N is the year of starting and ending

of the clean technology project, respectively. This work as-

sumes that clean energy project starts operation in 2020 and

finishes in 2050. For the years 2020, 2021 and 2022, the vari-

ables G, N, H and L can be found from Refs. [3]. For the next

years, G and N can be estimated assuming a linear trend over

time, while the L is assumed to be 0.05 based of Ref. [3]. For H,

there are two scenarios that could be assumed for older clean

electricity projects: a) the electricity generation remains
constant at the last year available (2022), so there is no

reduction or shut-down of old clean electricity projects; or b)

hypothetically, the electricity generation of old clean projects

(previous to 2020) is zero, so aggressive new investments in

clean electricity projects must be done. These two scenarios

correspond to theminimum andmaximumpercentage of CEC

obligation for end user in meeting National goals, respectively

(see Figure A2). Considering these assumptions, and

substituting their values in Equation (A5), we have the mini-

mum and maximum value of Ravg is 28.0% and 42.6%,

respectively. It means that end user must cover a CEC obli-

gation between 28.0% and 42.6% of its total clean electricity

consumption during the next 30 years (2020e2050). The end

users can decide whether to produce their CEC obligations

through their own clean energy projects or buy them from

other participants in the clean energy market.

Fig. A2 e Estimation of the minimum and maximum

percentage of CEC obligations per year for the end user in

meeting the National goals of clean electricity generation

for the period of 2020e2050.

Appendix B
Thermoflow™

1. The steam properties used in GT Pro, GT MASTER, STEAM

PRO, STEAM MASTER, THERMOFLEX, and RE-MASTER is

IFC-67. IFC-67: For many years, the industry standard for

the calculation of steam properties was the IFC 1967

Formulation for Industrial Use. This was the basis of the

ASME steam tables published between the late 1960’s and

the late 1990’s. This formulation can be utilized for pres-

sures up to 14,503 psia (1000 bara) and temperatures up to

1472 �F (800 �C).
2. The predominantly gas properties used is the ideal gas

formulation. Exceptions are made in some cases. At low

pressures, all components are treated as ideal gases, i.e.

enthalpy and specific heat are functions of temperature

alone. This underlying assumption results in reasonably

accurate property estimations at moderate to high tem-

peratures and low pressures. When temperature is low

and/or the partial pressures of one or more components
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are relatively high, however, there are effects of pressure

upon enthalpy not well-represented by these ideal gas re-

lations. The program augments the ideal gas relations as

necessary for:

� Liquid water in equilibrium with the water vapour in the

gas mixture,

� Departure from ideal gas enthalpy and entropy of gases

at moderate pressure,

� Representation of the H2O vapour with steam property

functions, at moderate to high pressures,

� Representation of N2, O2, and particularly CO2 using the

NIST property functions at low temperatures and high

pressures.

These effects are all negligible for air at ISO conditions

[59 �F (15 �C), 60% relative humidity, at sea level] and for or-

dinary combustion product gases at atmospheric pressure so

long as they are not cooled to near their dew point.

Aspen plus@

The rate-based model is a useful simulation tool to perform

sensitivity analysis of chemical process. In this work, the

amine solution system of the monoethanolamine (MEA)-

based carbon capture process was selected. For the thermo-

dynamic properties in the liquid phase, the ELECNRTL model

was utilized to calculate non-idealities of the liquid phase

materials (such as water, amine, and hydramine) used to

absorb the acid gas. ASPEN PLUS has a large built-in databank

of electrolytes reactions and interaction parameters formany

electrolyte systems. While, for gaseous phase thermody-

namic parameters, Redlich-Kwong equation of state was

selected.
Appendix C
Table C1 e Factors used to estimate the cost concepts of
each equipment.

Equipment, i CCont;i
a CProc;i

b CFee;i
c

H2-powered gas turbine

- Retrofitting cost (2 gas turbines) 20% 20% 3%

Extra NGCC power plant

- SGT-800 2 � 1 combined cycle 20% 0% 3%

Post-combustion carbon capture package

- Absorber d 20% 20% 3%

- Stripper 20% 20% 3%

CO2 compression package

- Compressors 20% 0% 3%

- Intercooling system 20% 0% 3%

Notes.
a For all equipment,CCont;i is considered 20% of the CBMi [12,38e40].
b CProc; i is zero for well-known technologies [12,38e40] and 20% of

CBM;i for process with low technological maturity [14,47,48].
c CFee;i is considered 3% of the total CBM [34].
d Absorber section includes the interconnecting cost with the

retrofitted NGCC power plant.
� CEPCI

The CEPCI is dimensionless numbers used to adjust pro-

cess plant construction costs from one period to another. The

updated cost at 2017 is calculated using Equation (C1):

Cost ðcost at 2017Þ¼Cost ðpast dateÞ
�

Index at 2017
Index ðpast dateÞ

�
C1

The CEPCI index at 2017 is 567.5.

� Location O&M cost factor

Studies carried out by Ref. [55,56] show the O&M costs

applicable to CCS projects as a function of their location and

labour productivity for various regions of the world. For this

study, the reported O&M costs for the South American region

were considered due to their similarity to Mexico in terms of

economic development, the adjustment factors used for pro-

ductivity and labour cost are 2.00 and 0.38, respectively [55,56].

These adjustment factors aremultiplied to obtain the location

O&M cost factor for CCS projects in Mexico, which results in a

value equal to 0.76.
Appendix D

- Natural gas price

Figure D1 shows the price of U.S. natural gas pipeline ex-

ports to Mexico for 1998e2017 period [45] and these are

compared to the Henry Hub natural gas prices [61]. As we can

see, the information is in good agreement. Both prices are

nominal, thus, it is necessary to convert them to real prices for

a reference year 2017 constant-dollar. Figure D2 shows the

real and nominal prices of U.S. natural gas prices. The real

natural gas prices were obtained using the Consumer Price

Index (CPI) calculator from Ref. [62] for a reference year 2017

constant-dollar. Figure D3 shows the annual low, mean, and

high value of natural gas prices for the 1998e2017 period at

2017 constant-dollar. The average values for the annual low,

mean, and high natural gas prices are 3.5, 5.4 and, 9.3 USD

2017 per MMBTU.

Fig. D1 e Price of U.S. natural gas pipeline exports to

Mexico for 1998e2017 period Own elaboration from

Ref. [45,61].
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Fig. D2 e shows the real and nominal prices of U.S. natural

gas for a reference year 2017 constant-dollar. Own

elaboration from Ref. [45,61].

Fig. D3 e The annual low, mean, and high value of natural

gas prices for the 1998e2017 period at 2017 constant-dollar

(real prices). Own elaboration from Ref. [45,61].

- Blue hydrogen cost

The bH2 cost is very sensitive to the natural gas price. For

this reason, this is calculated as a function of natural gas price.

In this work, bH2 cost is calculated based on the results re-

ported by Ref. [21], then this is updated to 2017 U S. dollars

using a currency exchange rate and inflation factor from

Ref. [63,64]. Figure D4 shows the levelised cost of bH2 and grey

H2 as a function of natural gas price at 2017 U S. dollars. The

low, mean, and high bH2 cost are 1.7, 2.0 and, 2.7 USD 2017 per
kilogram. These values are in good agreement with those re-

ported in the literature [19,24,51].

Fig. D4 e Blue and grey H2 prices as a function of the

natural gas price at 2017 U S. dollars. Own elaboration from

Ref. [21].

- Green hydrogen cost

The gH2 cost is essentially dependent on the electricity

renewable prices, which, in turn, depends on the geographic

location. Figure D5 shows the levelised cost of gH2 as a func-

tion of the price of electricity from renewable sources (e.g.

solar, wind) and the capacity factor of electrolysers (load

hours per year). In the case of Mexico, the country has sig-

nificant renewable resources, mainly in solar and wind en-

ergy, which makes it one of the most attractive countries in

the world for the renewable energy market [20,65]. Therefore,

Mexico is one of the countries that potentially has one of the

cheapest gH2 production costs in the world. Three auction

renewable electricity have been launched during 2016e2017.

For the first, second and third auction, the average price per

MWh was $47.78, $33.47 and $20.60, respectively. From the

first to third auction, the cost of renewable electricity dropped

by more than half. A wind power project bid by Italian com-

pany Enel Green Power included one of the lowest electricity

project prices in the world [65]. In this work, we assume a

moderate electrolysers load factor equal to 4000 h per year,

thus the low, mean and high gH2 cost per kilogram are $2.7,

$3.5 and $4.2, which corresponds to 20.6, 34.0 and, 47.8 $/MWh

renewable electricity prices, respectively. These gH2 cost ob-

tained are in good agreement with those reported elsewhere

[19,66e68].
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Table E1 e Extra NGCC power plant performance.
Siemens model SGT-800 2 £ 1 combined cycle.

Plant summary

Plant gross output MW 151.9

Auxiliary consumption MW 3.7

Net power output MW 148.2

Net efficiency % 53.9

Fuel consumption

CH4 mass flow rate kg/s 5.5

Fuel LHV chemical energy input MW 274.7

Flue gas composition

Total flue gas mass flow produced kg/s 273.0

N2 % mol 74.5

O2 % mol 12.9

CO2 % mol 3.6

H2O % mol 8.1

Ar % mol 0.9
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Fig. D5 e Levelised cost of gH2 as a function of the price of

electricity from renewable sources and the capacity factor

of electrolysers (load hours per year). Own elaboration

from Ref. [24].

- Electricity price in the market

Figure D6 shows the monthly average electricity prices in

the wholesale electricity market for the National grid during

the 2017e2018 period [69]. The average electricity price is $77

per MWh, which has been used as baseline price for electricity

surpluses in this work.

Fig. D6 e Monthly average electricity prices in the

wholesale electricity market for the National grid during

the 2017e2018 period (USD 2017 constant-dollar). Own

elaboration from Ref. [69].
Appendix E
Fig. E1 e Turbine inlet temperature and GT gross power as

a function of the H2 concentration in fuel.
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Table E2 e Comparison of capital costs for a new NGCC power plant with CCS obtained in this work with respect to
literature.

This
work a

Dı́az-Herrera,
2020 [12]

GCCSI,
2017 [70]

DOE/NETL,
2015 [40]

Rubin et al.,
2015b [71]

DOE/NETL,
2010 [38]

Rubin
et al.,
2015b

[71]

Net power output without

CO2 capture

822.6 822.6 630 630 661 555 910

Net power output with CO2

capture

MW 731.7 709.4 559 559 573 473 789

Capture level % 88.5% 90% 90% 90% 90% 90% 90%

Total Plant Cost (TPC)c $/kW 1834 1867 1531 1481 1648 1226 2079

Total Owners’ Cost (TOC)c $/kW 1962 1998 N.A. 1804 1832 1497 2310

Total Capital Requirement

(TCR)

$/kW N.A. N.A. N.A. N.A. 2061 N.A. 2599

Reference year $ 2017 2017 2015 2011 2013 2007 2013

a For comparison purposes, this exercise includes the capital cost associated with the retrofitted NGCC power plant based on Ref. [12]. For TOC

value, the location and retrofit factor is not included.
b Escalate TPC to TCR ¼ 1.25. Escalate TOC to TCR ¼ 1.125 (factors used by Rubin et al., 2015 study).
c For comparison purposes, TPC and TOC is calculated based on net power output without CO2 capture (reference plant).
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Fig. E2 e Packing volume per absorber as a function of the

liquid-gas ratio (L/G).

Fig. E3 e Packing volume per stripper as a function of the

regeneration energy (MJ per kg of CO2 desorbed).
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