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Abstract 

Steam reforming of the fuel in chemically recuperated gas turbine (CRGT) plants allows to perform 

a heat recovery of the gas turbine exhausts, boosting the plant performance. Power-to-liquids 

technologies are a very interesting solution for storing the excess of renewable electricity into liquid 

fuels. Among the renewable fuels, methanol is well-known as a hydrogen carrier and an energy 

feedstock. Indeed, methanol can be stored, transported and used in an easier way than hydrogen.  

In this paper a CRGT fed by renewable methanol produced in power-to-liquids plant through the 

CO2 hydrogenation process was studied. The hydrogen needed to synthesize methanol is produced 

in an alkaline electrolyser, while the CO2 is captured from the CRGT exhausts. The opportunity of 

introducing an organic Rankine cycle (ORC) to enhance the energy production was also 

investigated. Dedicated simulation models of the single sections and of the overall system were 

developed through the commercial software Aspen Plus. 

The overall system was sized to generate about 350 kg/h of methanol, resulting in a power 

production in the order of 600-750 kW. The study demonstrated that the integrated system based 

on a CRGT plant fed by renewable methanol can effectively store RES surplus and produce electricity 

with very low CO2 emissions. The overall system shows a power-to-power efficiency of about 0.23 

that can be slightly increased with the introduction of an ORC system to better exploit the heat 

released by the CRGT. 
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Nomenclature 

AEL Alkaline electrolyser 

BOP Balance of plant 

CRGT Chemically recuperated gas turbine 

MEA Monoethanolamine 

MSS Methanol synthesis section 

ORC Organic Rankine cycle 

RES Renewable energy sources 

TIT Turbine inlet temperature 

 

1. Introduction 

Nowadays, climate change appears to be one of the main challenges to be faced, requiring a large 

effort to reduce greenhouse gases emissions. In this framework, the combination of renewable 

energy exploitation and carbon capture is a key solution to make the energy systems as “green” as 

possible [1]. Among the main available energy systems, gas turbines are surely one of the most 

environmentally friendly, since they can be fuelled by clean gaseous fuels, such as natural gas, 

reducing emissions of pollutants and greenhouses gases [2]. Moreover, gas turbines power plants 

can be equipped with a CO2 capture section, removing a great amount of CO2 from the exhausts 

[3]. The thermo-chemical recovery of the exhausts heat through the steam reforming of the fuel is 

an interesting option to increase the performance of a gas turbine plant (chemically recuperated 

gas turbine, CRGT) [4,5]. Usually, the steam reforming processes involve the use of methane. 

Nevertheless, in case of CRGT power plants, the steam reforming of methane leads to significant 

drawbacks, since the methane reforming temperature (600–800 °C) is notably higher than the 

exhaust temperature of commercial gas turbines [6–8]. On the contrary, alternative fuels, such as 

methanol, can be more suitable for CRGT power plants, owing to their lower reforming 

temperature (250–300 °C for the methanol) [9,10]. Methanol is a promising energy carrier 

because it can be easily stored, transported and used without significant changes in the existing 

infrastructure [11]. Typically, methanol is produced from fossil fuels, but renewable methanol can 

be also obtained via the application of power-to-X technologies [12], exploiting hydrogen, 

synthesised from the excess of renewable energy sources (RES), and recycled CO2, following 



special conversion routes, such as the catalytic CO2 hydrogenation process [13,14]. The power-to-X 

approach is one of the most promising candidates in the context of clean renewable fuels and it 

can be employed not only to produce methanol, but also a variety of other fuels and chemical 

compounds, such as methane, dimethyl ether, syngas, and conventional fuels (i.e. gasoline, diesel 

fuel, kerosene, and jet fuel) [15–17]. In addition, power-to-X could lead to the independency from 

fossil fuels, while boosting RES efficiency and penetration [18,19]. Indeed, the large penetration of 

electricity production from RES calls for the diffusion of energy storage systems boosting RES 

reliability [20–22]. Since power-to-X technologies allows the storage of excess renewable energy in 

long-term and high-energy density storage systems, a strong interest in this field has been 

developed in the last years as reported in Chehade et al. [23], which reviewed the power-to-X 

demonstration projects carried out around the world. Kourkoumpas et al. [24] carried out a 

techno-economic analysis of a power-to-methanol concept, exploiting CO2 recycled from lignite 

power plants. They found that this technology would be cost competitive (421 €/ton and 380 

€/ton in the Greek and German market, respectively) compared to conventional methanol 

production. González-Aparicio et al. [25] analysed the optimal operating conditions of a power-to-

methanol system fed by wind to reduce forecasting uncertainty and improve the revenues 

deriving from renewable energy or methanol selling. Adnan and Kibria [26] carried out a 

comparative techno-economic and life-cycle assessment of different power-to-methanol synthesis 

pathways, finding a competitive cost of around 430-435 $/ton under an optimistic scenario. An 

innovative work by Bos et al. [27] studied a wind power-to-methanol plant employing RES, 

electrolysis of water and CO2 air capture, finding a total conversion efficiency of 50% with a 

reasonable cost of 750-800 €/ton for such an innovative concept. Crivellari et al. [28–30] carried 

out a variety of works on power-to-X, exploiting offshore renewable energy. 

A few works focused on the analysis of a CRGT fuelled by alternative fuels, such as methanol or 

dimethyl ether, are found in literature. Carapellucci et al. [5] analysed the performance of two 

methanol fuelled CRGT belonging to two different technological classes. The main finding of the 

work is that CRGT fuelled by methanol can achieve higher performance, both reducing the 

emissions of different pollutants (i.e., NOX and N2O) and maintaining the same level of CO 

emissions than conventional gas turbines. Cocco et al. [9] analysed the performance of an 

aeroderivative gas turbine by replacing the natural gas with pure or fuel-grade dimethyl ether, and 

methanol. The authors found out that the performance improves with the use of both DME and 

methanol compared to the natural gas. In particular, introducing the chemical recuperation of 



DME significantly improves the power output by about 45% in comparison to the reference plant 

fed by natural gas. Alves and Nebra [31] made an analysis and nonlinear optimization of a CRGT 

cycle in order to investigate the temperature and pressure influence on the global performance. 

The optimal solution was found achieving both the highest inlet temperature of the turbine and 

the highest compression ratio in the air compressor. A thermodynamic second law analysis was 

also performed for detecting the greatest sources of irreversibility. Liu et al. [32] considered a 

distributed energy system based on the integration between a CRGT fuelled by methanol and a 

solar thermo-chemical process. The synthesis gas obtained from the methanol reforming process 

feeds a micro gas turbine integrated in a distributed energy system to deliver output cooling, 

heating, and power. The overall system showed a remarkably high primary energy efficiency of 

70%, thanks to the coupling of the solar field and the chemical recuperation. Cherednichenko et al. 

[33] estimated both the economic efficiency and the carbon dioxide emissions of a chemically 

recuperated gas turbine fed by methanol and ethanol. At the optimal water to methanol ratio of 3, 

the CRGT can increase the efficiency by 4% and reduce tank-to-wake emissions by 80%. 

Moreover, some papers investigated the integration of the CRGT with different process and 

peculiar applications. Florez-Orrego et al. [34] recovered the exergy available from the auto-

thermal reformer effluent through a syngas production, while Luo et al. [35] integrated a CRGT 

cycle with a thermal seawater desalination process. Pan et al. [36] investigated operational rules 

and control strategies of the chemically recuperated gas turbines fuelled by diesel for naval 

applications. Su et al. [37] proposed a biogas-fired CHP based on chemically recuperated gas 

turbine cycle. Ni et al. [38] proposed a thermodynamic analysis of a solar-assisted chemically 

recuperated gas turbine plant with a two-stage fuel steam reforming. 

In this paper a performance assessment of an integrated plant based on a power-to-liquids system 

and a low CO2 emissions CRGT fuelled by methanol is presented. Methanol is produced in a 

methanol synthesis section (MSS) via catalytic CO2 hydrogenation [39], it is stored and reused by 

producing electricity via the CRGT to level out peak demands. The required hydrogen is produced in 

an alkaline electrolyser (AEL), exploiting the excess of electricity generated from RES, while the CO2 

is captured from the CRGT exhausts. In order to better exploit the residual heat released by the 

CRGT, an integration between the overall system and an organic Rankine cycle (ORC) was also 

investigated. Heat recovery and thermal integration of the overall system are performed to obtain 

optimal operating conditions and energy savings in each section. Performance energy indexes were 



also defined to evaluate the performance of the single sections and of the overall system. Functional 

schemes and dedicated simulation models were implemented using the commercial software Aspen 

Plus. 

Numerous studies on power-to-power plants based on renewable methanol can be found in 

literature. However, the proposed plants are usually based on fuel cells [40–43]. To the best of 

authors’ knowledge, the analysis of a CRGT plant coupled to clean hydrogen production and 

methanol synthesis from captured CO2 has not yet been analysed in literature. This research gap 

should be faced to allow using renewable methanol in a small-term perspective, feeding a more 

commercial system as a gas turbine. In fact, fuel cells lead to a higher overall efficiency, but are 

characterized by sensibly higher costs and could be competitive in a medium-term perspective. The 

comprehensive investigation carried out through parametric analysis shows the optimal conditions, 

where the best synergy between the CRGT and the ORC is achieved. The chosen configuration of the 

plant, combining clean hydrogen produced from RES and CO2 captured from the turbine exhausts, 

determines a closed cycle, where the same CO2 is used indefinitely to produce the methanol feeding 

the gas turbine. 

 

2. System configuration and methodology 

The general configuration of the overall system mainly includes the following sections: 

 an alkaline water electrolyser, 

 a methanol synthesis and purification section, 

 a methanol storage system, 

 a chemically recuperated gas turbine plant integrated with a CO2 capture system, 

  an organic Rankine cycle (optional). 

Figure 1 shows the functional scheme of the overall system. 



 

Fig. 1 – Functional scheme of the overall system 

 

In case of excess electricity from RES sources, an alkaline electrolyser (AEL) transforms feeding 

water into oxygen and hydrogen. Hydrogen is compressed and feeds, together with CO2, a 

synthesis section, where methanol is produced in a catalytic reactor (charge phase, blue), 

following the CO2 hydrogenation process. Then, methanol is stored at ambient conditions, for later 

feeding a CRGT in case of higher electricity demand from the user (discharge phase). The heat 

released by the CRGT exhausts is exploited in the reforming section, where the water-methanol 

mixture is preheated, vaporized, superheated, and reformed, as well as in the CO2 capture section, 

according to the scheme shown in Figure 2. 

 

Fig. 2 – Simplified scheme of the exhausts heat recovery 

ECO (Economizer), RBL (Reboiler), RFR (Reformer), SH (Superheater), VAP (Vaporizer) 

 

Firstly, the heat recovery from the exhausts allows performing the endothermic reforming 

reactions (RFR). Then, the exhausts are used for the water-methanol mixture superheating (SH), 

vaporizing (VAP), and partially preheating at high temperature (ECO-HT). Subsequently, the 

exhausts provide the thermal energy to regenerate the solvent (monoethanolamine, MEA) inside 

the reboiler of the CO2 removal section (RBL). Finally, exhausts heat is absorbed by a low-

temperature preheating of the water-methanol mixture (ECO-LT). Downstream of the CRGT, an 

ORC power plant can be also introduced. The ORC partially exploits the thermal energy of the 

exhaust gases, reducing the amount of heat available for the reforming processes, but boosting 

the performance of the overall system. 



The overall system was sized with reference to a 3.2 MW commercial AEL [44]. Such an 

electrolyser assures a hydrogen production slightly higher than 800 Nm3/h (approximately 71.5 

kg/h), requiring a water flow rate of about 640 kg/h and generating about 350 kg/h of methanol in 

the MSS (about half of the production of the only existing commercial renewable methanol plant, 

the Icelander George Olah Plant [45]). Assuming the same duration for the charge and discharge 

phases, such a methanol production results in a power production in the order of 600-750 kW, 

depending on the CRGT operation parameters. 

 

2.1 Alkaline electrolyser 

Among the electrolysis processes, low temperature alkaline electrolysis of water was chosen for this 

application, since it is a largely diffused and commercially available technology [46]. Inside the AEL 

the electrolyte is based on a liquid solution of KOH or NaOH. In this study, the model of the alkaline 

electrolyser was implemented in Aspen Plus through specified user-defined blocks, employing the 

Ideal properties method. The electrochemical model was developed adapting the equations 

provided by Ursua and Sanchis [47] for the simulation of commercial water AELs. Figure 3 shows a 

simplified functional scheme of the AEL as modelled in Aspen Plus. 

 

Fig. 3 – Simplified functional scheme of the alkaline electrolyser 

 

Feeding water (1E) is pumped (PE) and heated (H1E) to the cell (R1E) operating conditions. Since the 

cell operates at low temperature, the operating voltage is above the thermo-neutral voltage, leading 

to a heat production by the Joule effect that can be employed to preheat the feed water, without 

any external source. Inside the cell, hydrogen (4E) and oxygen (5E) are produced from water (3E). 

The reactor was modelled as a stoichiometric reactor.  

The nominal current of the alkaline electrolyser is equal to 120 A, while the net voltage      is 

calculated adding to the equilibrium potential     the overvoltages caused by the ohmic and 

activation resistances as shown in Eq. (1): 



                                 (1) 

where      is the ohmic overvoltage,         and          are the anodic and cathodic activation 

resistances, respectively. The equilibrium potential is expressed as a function of temperature and 

pressure according to Eq. (2) 

          
   

  
   

                    
 
 

        
          (2) 

where    is the number of cells of one stack,    is the reversible potential of a single cell;   and 

       are the stack operating pressure and the vapour pressure of the KOH solution, while          

is the water activity in the KOH solution.  

The reversible potential    is calculated according to Eq. (3): 

                                                          
    (3) 

where    is the operating temperature of the cell. 

A validation of the AEL model was presented in Lonis [43,48]. 

For a given cell temperature, a higher operating pressure increases the AEL power requirements, 

reducing the efficiency. Nevertheless, a higher pressure in the AEL reduces the power required by 

the hydrogen compressors in the methanol synthesis section. 

 

2.2 Methanol synthesis section 

The hydrogen produced by the AEL feeds the methanol synthesis section for producing the liquid 

methanol used to store energy. The section is mainly composed of: 

 two compressor trains for hydrogen and CO2, 

 an adiabatic synthesis reactor for the methanol production, 

 a distillation column for the methanol purification. 

The methanol is produced through a CO2 hydrogenation process in an adiabatic catalytic reactor. In 

particular, the overall process of the methanol production is based on the following three reactions: 

the water gas shift reaction (4), the CO hydrogenation reaction (5), the CO2 hydrogenation reaction 

(6). 



               (4) 

 

              (5) 

 

                   (6) 

 

The methanol synthesis process was simulated through an LHHW kinetic model, specifically 

developed in the Aspen Plus environment [39,49]. Various properties methods were used, 

depending on the different sub-processes analyzed (e.g., SRK for the reactor, NTRL-SK for the 

distillation column). An extensive description of the kinetic model of the reactor can be found in 

Lonis et al. [42]. 

Figure 4 shows the simplified functional scheme of the methanol synthesis and purification section.  

 

 

Fig. 4 – Simplified functional scheme of the methanol synthesis and purification section 

C (Cooler), CP (Compressor), D (Distillation column), F (Flash), H (Heater), C (Intercooler), M (Mixer), 

R (Reactor), S (Splitter) 

 

Hydrogen (1M) and CO2 (7M) are compressed to the operating pressure of the synthesis reactor 

(R1M) (set to 65 bar [39]), by means of three intercooled compressors. Then, H2 (6M) and CO2 (12M) 

are mixed with the re-circulated gases (27M) and preheated (H1M) to the reactor inlet temperature 



(set to 210 °C [39]). Due to the high rate of recirculation, the products of the synthesis process are 

mainly composed of hydrogen and CO2, with only a small content of methanol, water vapour and 

CO. Due to the exothermicity of the CO2 hydrogenation reaction a large amount of thermal energy is 

available in the products and it is used: a) to preheat the reactor feeding (HX1M), b) to provide the 

reboiling duty to the distillation column (D1M), and c) to preheat the methanol to be purified 

(HX2M). Later, the temperature of the products is further reduced with an external cooler (C2M), 

reaching the operating conditions of two flash processes (F1M and F2M). The first flash occurs at 65 

bar and 50 °C, the latter at 1.2 bar and 22 °C. The flash processes boost the production of methanol, 

recycling back to the reactor the incondensable gases (22M and 25M). The liquid product (18M), 

namely crude methanol, is mainly composed of methanol and water (both about 49% by vol.), with a 

small amount of CO2. The crude methanol is treated in the purification section, where a distillation 

column (D1M) separates water and methanol, boosting the methanol purity. In fact, the methanol 

and CO2 are distilled at the top of the column (20M) and then are easily separated by condensing the 

former. 

 

2.3 Chemically recuperated gas turbine 

The CRGT power plant is based on a gas turbine and a reforming section where the water-methanol 

mixture is converted into a gas inside a catalytic reformer. In this study, the CRGT is also integrated 

with a post-combustion CO2 removal section, based on a mixture of water and MEA (30%wt). A 

simplified functional scheme of the CRGT power plant is shown in Figure 5. 

 

Fig. 5 – Simplified functional scheme of the CRGT power plant 

C (Compressor), CC (Combustion chamber), P (Pump), RF (Reforming section), T (turbine) 

 



Since the methanol production from the MSS is quite small (lower than 0.1 kg/s), the CRGT power 

plant here analysed is based on a small-size gas turbine (in the order of several hundred kW). Small-

size gas turbines are characterized by a maximum temperature (TIT, turbine inlet temperature) in 

the range 900-1100 °C and by a pressure ratio β in the range 5-12 [50]. Main parameters of the 

selected gas turbine are reported on Table 1. 

Table 1 Main parameters of the gas turbine 

Fuel mass flow (methanol) 0.0975 kg/s 

Compression ratio, β 5-12 

Turbine inlet temperature, TIT 900-1100°C 

Compressor polytropic efficiency 0.86 

Turbine polytropic efficiency 0.85 

Inlet pressure drop (% of pIN) 1% 

Combustion pressure drop (% of pIN) 3% 

Exhaust pressure drop (% of pIN) 3% 

Combustion efficiency 0.99 

Mech. losses and aux. consumption 5% 

 

Downstream of the gas turbine, the exhausts provide the heat required to preheat, vaporize, 

superheat and reform the water-methanol mixture. Since the reformed gas is characterized by both 

a density and an LHV considerably lower than those of the natural gas, a sensibly higher fuel flow 

rate is required. The high flow rate calls for a special design of the fuel feeding system, similarly to 

the gas turbines of IGCC, fed by a coal synthesis gas. In fact, gas turbines are designed to be fed with 

natural gas, consequently the increase of the mass flow rate from the compressor to the turbine is 

below 2-3%. For this reason, in this study, an increase of the mass flow rate equal to 20% was 

assumed as maximum tolerable value, to avoid problems of both combustion instability and 

compressor stall.  

The performance assessment has been carried out with reference to different water/methanol 

molar ratios n entering the reforming section, because the composition of the reformed gas (mainly 

hydrogen, water and CO2) strictly depends on it. The reforming pressure has been assumed 

accounting for the pressure ratio of the gas turbine and for the reforming section and combustor 

pressure drops (set equal to 5% and 3% of the inlet pressure, respectively). A reforming temperature 

guaranteeing an almost complete conversion of the methanol was considered for the analysis. 

The methanol steam reforming process can be described by means of the reverse reactions than of 

the reactions (4), (5) and (6), namely the water gas shift conversion, the methanol decomposition, 



and the methanol steam reforming. The methanol conversion rate depends on various operating 

parameters, in particular, temperature, pressure and n. Indeed, steam reforming of methanol is 

favoured by low pressure, high temperature and n values. Moreover, to avoid carbon formation a 

water/methanol molar ratio higher than the stoichiometric one (equal to 1) is required [10]. In 

addition, other parameters as the catalyst activity and the reformer configuration and geometry can 

be considered, taking into account the kinetic of the reactions. However, the methanol steam 

reforming reactions can be considered under equilibrium conditions in case of reforming 

temperature higher than 250-300 °C [11]. 

 

2.4 CO2 capture section 

The proposed CRGT plant is integrated with a CO2 capture system. In case of CO2 capture from flue 

gas at atmospheric pressure, the most appropriate choice is the chemical absorption with a solvent 

based on amines [51]. Among amines, MEA is the most suitable option [52], due its widespread 

availability, although in a near term future better solvents should achieve commercial readiness [53]. 

In fact, MEA is characterized by a high energy requirement for regeneration, causing a large 

penalization on performance. The model of the CO2 capture section was developed on Aspen Plus 

environment, using the properties method Elecnrtl. Figure 6 shows a simplified scheme of the CO2 

removal section. 

 

Fig. 6 – Simplified scheme of the CO2 removal section 

 



The CO2 capture system is mainly based on two columns: an absorption one (absorber) for capturing 

the CO2 from the flue gas and a regenerative one (desorber) for the thermal regeneration of the 

solvent rich in CO2. Exhaust gas is cooled (C1) to about 40 °C and enters the absorber from the 

bottom, counter-current with the water-MEA solvent that absorbs a large amount of CO2. The gas 

resulting from the CO2 capture process (purified gas) is mainly composed of nitrogen, with a molar 

fraction of 80-85%, depending on both the air-to-methanol ratio feeding the combustion chamber 

and the CO2 removal rate. The purified gas is discharged from the top of the column, while the CO2-

rich solvent is pumped and heated (HTX and H1) before feeding the desorber. Inside the 

regenerative column, a reboiler provides thermal energy, allowing the release of a large part of CO2 

and water vapour from the rich solvent. In the upper section a large fraction of water vapour 

condensates (H2O), while the CO2-rich flow (CO2), with a purity of about 95%, is sent to the 

conditioning and compression section. The CO2-lean solvent is extracted at the bottom of the 

column, pumped, cooled (HTX and C2), and recirculated back to the absorber. The main operating 

parameters of the CO2 removal section are shown in Table 2.  

Table 2 Main operating parameters of the CO2 removal section 

Absorber temperature 35 °C 

MEA mass fraction 30% 

CO2/MEA molar ratio in the lean solvent 0.28 

Solvent/gas mass ratio 4.4 

 

A CO2 removal efficiency equal to 90% was assumed, as in typical post-combustion CO2 removal 

systems based on amine. The reboiler heat requirement is supplied by low-pressure steam produced 

exploiting the CRGT exhaust thermal energy. 

The CO2 removal section is integrated with a proper conditioning and compression section to match 

requirements for CO2 storage. In particular, a pressure of 8 MPa and a CO2 purity above 99.5% were 

set. The CO2 compression process is carried out through three intercooled compressors. 

 

2.5 ORC section 

The introduction of an ORC plant was considered to increase the power output of the system by 

exploiting the large residual heat of the CRGT exhaust gases. ORC systems are based on a Rankine 

cycle, with an organic fluid as working fluid. Differently from steam cycles, ORC systems can be fed 



also by low-temperature heat (below 350 °C). Thanks to its relative simplicity, specific costs of an 

ORC are sensibly lower than those of a small-size steam plant [54,55]. Since the thermal energy from 

the CRGT is minor (allowing an ORC size lower than 100 kWe), a simple configuration was chosen, 

with the ORC composed of an evaporator, a turbine, an air-cooled condenser, a pump, and a 

regenerator, as a simple single pressure level cycle [54]. The ORC model was developed on Aspen 

Plus environment using the properties method Peng-Robinson. Figure 7 shows a simplified 

functional scheme of the ORC plant. 

 

Fig. 7 – Simplified scheme of the ORC plant 

 

The organic fluid, as subcooled liquid (1O), is pumped (PO) to the maximum pressure of the cycle 

(2O). Then, it is firstly preheated in the regenerator (RG), via the cooling of expanded fluid (5O) and, 

then, it is vaporized in the heat exchanger (EVA), exploiting the thermal energy of the CRGT exhausts 

(8O). The working fluid (4O) is characterized by some degrees of superheating and it expands to the 

minimum pressure of the cycle in the turbine (TO). Since the temperature of the turbine exhaust 

(5O) is relatively high, due to the shape of the T-s diagram for a typical organic fluid, the preheating 

of the organic fluid (2O) can be performed in the regenerator. Finally, ambient air (10O) allows the 

condensation and the sub-cooling of the organic fluid (7O) in the condenser (COND). 

Despite its flammability and toxicity [56], benzene was chosen as organic fluid in this study, since, 

thanks to both its high critical pressure (48.9 bar) and low critical temperature (289 °C) [57], it well 

matches with the temperature of the hot source, providing the highest efficiency [58]. Table 3 

summarizes the main operating parameters of the ORC 

Table 3 Main parameters of the ORC plant 



Working fluid Benzene 

Thermal power 50-500 kW 

Turbine inlet temperature 290 °C 

Cycle maximum pressure  46.5 bar 

Cycle minimum temperature 44.5 °C 

Cycle minimum pressure  0.35 bar 

Minimum ∆T in COND and RG 10 °C 

Mech. losses and aux. consumption 5% 

Turbine isentropic efficiency 0.46-0.70* 

Pump isentropic efficiency 0.7 

Fan isentropic efficiency 0.75 

Condenser air pressure drop 0.25 kPa 
* Depending on the organic fluid mass flow  

 

Since the temperature of the hot source is higher than 300 °C, maximum cycle pressure and 

temperature were set to 46.5 bar and 290 °C. The presence of an air-cooled condenser leads to a 

relatively high value of the minimum temperature of the ORC cycle. In fact, assuming an air ambient 

temperature of 25 °C, a condensation temperature of about 48 °C was calculated, resulting in a 

minimum pressure at the condenser equal to 0.35 bar. A minimum temperature difference of 10 °C 

was set in both the regenerator and the condenser, as well as a subcooling of 3° C in the condenser. 

For small-size ORC the isentropic efficiency of the turbine is strictly related to the mass flow of the 

evolving organic fluid. A correlation by Macchi and Astolfi [54] was used to evaluate it for different 

thermal power available.  

 

3. Performance Indexes 

In the study of a such complex and integrated system is not unambiguous to evaluate the 

performance of the overall system. For this reason, a few performance indexes were defined to 

establish the performance of the subsystems and of the overall plant.  

The electrolysis efficiency is defined as the chemical power of the produced hydrogen     
      

 

divided by the sum of the electric power consumed in the electrolysis process      and the 

auxiliaries power requirements         , as shown in Eq. (7): 

     
          

             
           (7) 



For the methanol synthesis section both an actual overall efficiency      and a chemical energy 

conversion efficiency        can be defined, as reported in Eq. (8) ad (9): 

     
              

                    
           (8) 

        
              

          

          (9) 

where                is the chemical power of the methanol. The actual overall efficiency also 

considers the contribution of MSS auxiliaries         , while the chemical energy conversion 

efficiency does not. 

An efficiency of the power-to-liquids process     , is obtained considering the efficiency chain of 

the electrolysis and MSS as shown in Eq. (10): 

     
              

                      
                       (10) 

where the term      represents the fraction of power entering the AEL with respect to the total 

power (Eq. (11)): 

     
              

                      
         (11) 

The efficiency of the electricity production, the net power divided by the methanol chemical 

power, can be defined taking into account or not the ORC plant, as shown in Eqs. (12) and (13): 

      
                

              
              (12) 

          
                               

              
       (13) 

Globally, the power-to-power efficiency of the overall system    can be defined as the ratio 

between the net power produced and the total power entering the overall system, as shown in 

Eqs. (14) and (15). 

   
                

                      
                     (14) 

   
                               

                      
                     (15) 

 



4. Results and discussion 

The proposed power-to-liquids system is characterized by an efficiency ηPtL slightly lower than 

0.58, due to an electrolysis efficiency ηAEL of 0.72 and an actual overall efficiency of the methanol 

synthesis section ηMSS of about 0.79. 

 

4.1 Alkaline electrolyser 

The operating pressure and temperature of the alkaline electrolysis processes were set equal to 5 

bar and 65 °C, since under these conditions the efficiency reaches the highest value.  

Since for each cell the molar water flow rate is the same as that of hydrogen and the utilisation 

factor is set to 1, a water flow rate of approximately 640 kg/h is needed for producing the 71.5 kg/h 

hydrogen stream required by the MSS to obtain the desired methanol production (351 kg/h). 

The chemical power of the hydrogen produced by the AEL is equal to 2.3 MW, being the hydrogen 

LHV equal to 120.0 MJ/kg. Globally, the power absorbed by the AEL, considering also the auxiliaries, 

is equal to about 3200 kW, corresponding to a specific energy consumption of 44.5 kWh/kg(H2) 

(about 4 kWh/Nm3
(H2)), which is consistent with values reported in the literature [47]. The efficiency 

of the electrolysis process results equal to 0.722 

 

4.2 Methanol synthesis section 

Given the operating conditions of the methanol synthesis section the outlet temperature of the 

synthesis reactor results equal to about 290 °C, while the products of the reactor are mainly 

composed of hydrogen (molar fraction slightly lower 0.8), with a minor amount of methanol (0.04). 

Flash processes increases the methanol concentration in the product up to a value of 49% (crude 

methanol). The distillation column leads to a methanol purity of 96.4%. Table 4 shows the 

composition of the outlet of the synthesis reactor, the two flashes (purified bottoms), and the 

distillation column. 

Table 4 Molar composition of the main flow of the synthesis section 

Species 
Synthesis 
reactor 

Flash 1 
(top) 

Flash 1 
(bottom) 

Flash 2 
(top) 

Flash 2 
(bottom) 

Distillation 
column 



H2 0.7770 0.8549 0.0000 0.0002 0.0000 0.0000 

CO2 0.1014 0.0954 0.1612 0.9238 0.0182 0.0360 

H2O 0.0390 0.0010 0.4173 0.0097 0.4937 0.0000 

CO 0.0423 0.0464 0.0020 0.0127 0.0000 0.0000 

CH3OH 0.0403 0.0023 0.4194 0.0536 0.4881 0.9640 

 

Since the methanol LHV is equal to 19.9 MJ/kg, the methanol production (351 kg/h) corresponds to 

a chemical power of 1.94 MW, leading to a chemical energy conversion efficiency        equal to 

0.841. Adding the MSS auxiliaries contribution         , equal to about 155 kW, allows to 

calculate the actual overall efficiency      (0.788). Globally, an efficiency of the power-to-liquids 

process     , equal to 0.579 was calculated. The performance indexes of the power-to-liquids 

section are summarized in Table 5.  

Table 5 Performance indexes of the PtL section 

     0.722 

     0.954 

     0.788 

       0.841 

     0.579 

 

Due to the intermittency of renewable sources the continuous operating hours of the hydrogen and 

methanol production plants are not easily quantifiable. With the hypothesis of a 6-hours of RES 

feeding, a methanol production of about 2.1 tons was calculated, leading to a storage volume of 

about 2.7 m3. 

 

4.3 CRGT plant 

On the basis of the previous considerations, the influence of temperature, pressure and n on the 

reforming process was analysed under the assumption of thermodynamic equilibrium. The 

temperature of the reforming process was varied in the range 200–300 °C, while the molar ratio n in 

the range 1-3. Moreover, in order to fulfil the fuel pressure requirements of small-scale gas turbines, 

two different pressure values, equal to 6 and 12 bar, were considered. Figure 8 shows the methanol 

conversion rate in function of the reforming temperature for different values of pressure and n.  



 

Fig. 8 – Methanol conversion as a function of reforming temperature for different values of 

reforming pressure and molar ratio n. 

 

As appears from the Figure 8, at equilibrium conditions the methanol conversion is very high already 

at 200 °C, with a lowest value of 92% in case of 12 bar and n equal to 1. A temperature increase 

enhances the methanol conversion, that is almost complete at a reforming temperature of 300 °C, 

for any value of n and pressure (for n greater than 1.5 is higher than 99.8%).  

Since the thermal energy from gas turbine exhausts is available at high temperature (450-750 °C), a 

reforming temperature of 300 °C was assumed in this study. As well as the water gas shift 

conversion reaction, at 300 °C the overall steam reforming reaction is not influenced by the reactor 

operating pressure since the conversion of methanol is almost complete. Figure 9 shows the molar 

composition of the reforming gas as a function of the water/methanol molar ratio n for a reforming 

pressure of 6 and 12 bar.  



 

Fig. 9 – Reformed gas composition as a function of molar ratio n 

 

The reformed gas is mainly composed of H2, H2O, CO, and CO2, with a negligible methanol 

concentration. At stoichiometric conditions, the molar concentration of hydrogen is slightly lower 

than 0.7, whereas CO2 concentration is slightly lower than 0.2. Both CO and water vapour accounts 

for about 5-6%. Finally, methanol is practically absent (lower than 0.1%). An increase of n results in a 

greater dilution with water vapour that reaches a molar concentration of about 0.34 for n equal to 3. 

At 300 °C methanol conversion is almost complete also in stoichiometric conditions. Consequently, 

an increase of n simply influences the shift conversion equilibrium, favouring the production of both 

CO2 and H2, and reducing the CO content. In fact, for n greater than 2, the reformed gas is only 

composed of H2, H2O and CO2, and CO content is lower than 1.5%.  

A parametric analysis of the CRGT power plant as a function of both the turbine inlet temperature 

(TIT) and the pressure ratio β was carried out to evaluate the influence on the efficiency of both 

the gas turbine and the overall system. As previously specified, small-scale gas turbines are 

characterized by lower values of TIT and pressure ratio than those of industrial scale gas turbines. 

Therefore, the parametric analysis was limited to 900-1100°C and 5-12, respectively. A variation of 

the TIT and β strongly influences the temperature at the gas turbine outlet, as appears in Figure 

10. 



 

Fig. 10 – Gas turbine outlet temperature as a function of β for different values of TIT 

 

 (A higher TIT leads to higher outlet temperature about 70-85 °C each 100 °C of TIT increase). For a 

set TIT, an increase of β from 5 to 12 reduces the outlet temperature of 150-175 °C, depending on 

the TIT value. In the range considered in this study, the outlet temperature varies between 435 

and 755 °C.  

A higher temperature of the gas turbine exhausts increases the thermal energy available for the 

reforming process. At the same time, the thermal energy available is strictly related to the 

exhausts flow rate, that is given by the sum of air and water-methanol flow rates. Figure 11 shows 

both the air and the reformed gas mass flow as a function of β for different values of the TIT. 

 

Fig. 11 – Air and reformed gas mass flow as a function of β for different values of TIT 



 

Air and reformed gas show opposite behaviour. Air mass flow decreases with TIT (up to 20% from 

900 to 1000 °C), since the chemical power feeding the combustion chamber was assumed to be 

constant (having set the methanol feeding equal to the MSS production, 351 kg/h). On the 

contrary, an increase of TIT assures a greater heat available for the reforming process improving 

the reformed gas production. In addition, the air mass flow increases with the pressure ratio 

(about 30-40% increasing β from 5 to 12), since the air temperature at the compressor outlet is 

higher. Conversely, reformed gas flow rate decreases with β, because a lower temperature of the 

exhausts reduces the heat available for the reforming. Globally, since the air influence is notably 

more marked than the reformed gas one, the exhausts flow rate decreases with TIT and increases 

with β.  

Having set the methanol feeding in the CRGT, an increase of thermal energy available for the 

reforming process leads to a greater amount of water vapour to be fed to the CRGT and, 

consequently, to a greater value of the water/methanol molar ratio n. Figure 12 shows the molar 

ratio n as a function of pressure ratio for different values of the TIT. 

 

Fig. 12 – Water/methanol molar ratio n as a function of β for different values of TIT 

 

Globally, the influence of the gas turbine outlet temperature on the thermal energy available for the 

reforming is more marked than the one related to the exhausts flow rate. Therefore, the value of n 

increases with TIT and decreases with β. Globally, a n value in the range 2.2-4.6 can be obtained for 

the adopted operating parameters. In particular, a reduction of about 2.0 is noticed increasing β 



from 5 to 12, whereas an increase of about 0.25-0.30 can be obtained for each 100 °C of TIT 

increase. In case of a TIT equal to 1100 °C and β lower than 6, the heat available from the exhausts 

would lead to a reformed gas production exceeding the maximum increase of 20% in the turbine. 

Therefore, the heat cannot be fully exploited, leading to a reduction of the n value.  

Figure 13 shows the CRGT power output as a function of β for different values of the TIT. 

 

Fig. 13 – CRGT power output as a function of pressure ratio for different values of TIT 

 

As appears from the Figure 13, the power output ranges between 560 and 770 kW, depending on 

TIT and β values. Indeed, an increase of TIT and β enhances the performance of the gas turbine 

cycle, leading to a greater power production. The influence of TIT is more marked for the highest 

values of β. In case of β and TIT equal to 6 and 1100 °C, the reduction of n leads to a power output 

penalization.  

Figure 14 shows the CRGT efficiency as a function of β for different values of the TIT. For the sake 

of comparison, Figure 14 reports also the efficiency of the reference gas turbine in case of natural 

gas feeding without any reforming section. For comparative purpose, main gas turbine parameters 

(i.e., compressor and turbine efficiencies, inlet and outlet pressure drop, combustor efficiency and 

pressure drop, mechanical losses and auxiliaries consumption) were assumed equal for both the 

analysed cases. 



 

Fig. 14 – Gas turbine efficiency as a function of pressure ratio for different values of TIT 

 

As previously explained for the CRGT power output (Figure 13), an increase of TIT and β favourably 

influences the CRGT efficiency. Starting from an efficiency of about 0.30 (β = 5), a CRGT efficiency 

ranging between 0.359 (TIT = 900 °C) and 0.402 (TIT = 1100 °C) can be reached for β equal to 12. 

As appears from Figure 14, the CRGT efficiency is considerably higher (up to 10 percentage points) 

than the one of the reference gas turbine fed with methane, thanks to the higher mass flow 

evolving in the gas turbine.  

 

4.4 CO2 removal, compression and storage section 

The CO2 capture system based on MEA allows to remove 90% of the CO2 contained in the exhausts 

(about 440 kg/h). The influence of both TIT and β on the performance of the CO2 capture system is 

negligible, since the CO2 content in the exhausts is not influenced by TIT and β. The main energy 

requirement of the section is due to the reboiler duty for the solvent regeneration. A specific 

thermal energy equal to 3.75 MJ for kg of CO2 removed was calculated, leading to a regeneration 

thermal power of about 455 kW. Moreover, the CO2 compressors require about 43 kW for reaching 

the storing pressure of 80 bar. At that storing pressure the CO2 shows a density of about 137 kg/m3. 

Since the overall system is designed to operate for 6 hours of discharging phase, about 2600 kg of 

CO2 are stored for feeding the MSS section in the following charging phase, requiring a tank of about 

38 m3. Globally, about 520 kg/h of CO2 are needed for synthesize the methanol, requiring about 80 

kg/h from another source. Energy consumptions associated to this further CO2 feeding are 



neglected, imagining a future economy where CCS and CCU are largely diffused and where the CO2 is 

captured and available in large quantities, whether it is simply stored following a CCS process or it is 

purposely stored to be subsequently used in power-to-X applications.  

 

4.5 ORC system 

Different sizes for the ORC engine were considered, varying the thermal power available from the 

CRGT exhausts at the ORC vaporizer. An increase of the ORC size means a higher mass flow rate of 

the organic fluid, leading to a higher efficiency of the turbine, since it is strongly affected by the 

organic fluid mass flow. Figure 15 shows the mass flow rate of the organic fluid and the turbine 

isentropic efficiency as a function of the thermal power available at the ORC vaporizer. 

  

Fig. 15 – Organic fluid mass flow and turbine efficiency as a function of ORC thermal input 

 

The working fluid flow rate increases from about 0.1 kg/s to about 0.9 kg/s increasing the thermal 

input from 50 to 500 kW. At the same time, the isentropic efficiency of the ORC turbine ranges 

between 0.46 and 0.70. 

Since the main other operating parameters were fixed, the ORC global efficiency is strictly related 

to the efficiency of the turbine, increasing with the size of the system. Figure 16 shows both the 

ORC global efficiency and power output as a function of the thermal power available at the ORC 

vaporizer. 



 

Fig. 16 – ORC global efficiency and power output as a function of ORC thermal input 

 

The ORC system shows a very low global efficiency (lower than 0.13) in case of minor thermal input 

(50 kW) and the global efficiency quickly increases up to about 0.20 for the maximum size 

considered in this study (500 kW). At this size, the power output of the ORC system is slightly lower 

than 80 kW, whereas at the lowest size it is limited to 6 kW. 

 

4.6 CRGT plant plus ORC system 

The introduction of the ORC engine reduces the heat available for the reforming process, and, in 

particular, for preheating, vaporizing and superheating the water-methanol mixture. Figures 17a 

and 17b show the T-Q diagrams of the CRGT without (a) or with (b) the ORC integration. In 

particular, Figures 17a and 17b refer to a gas turbine with TIT and β equal to 1000 °C and 8, 

respectively, and to a ORC thermal input of 300 kW, assumed as reference case.  

  



(a) (b) 

Fig. 17 – T-Q diagrams of the CRGT 

ECO (Economizer), RBL (Reboiler), RFR (Reformer), SH (Superheater), VAP (Vaporizer) 

 

As appears from the Figures 17a and 17b, 1400-1500 kW of thermal power can be recovered from 

the CRGT exhausts. About 550 kW are required to preheat and vaporize the steam needed for the 

solvent regeneration in the distillation column (RBL). Without the ORC integration, the remaining 

heat is fully devoted to preheating, vaporizing, superheating, and reforming the water-methanol 

mixture, assuring an n value of 3.4. The introduction of the ORC engine reduces the heat available 

for the reforming process. As the methanol feeding was fixed, an increase of the ORC thermal 

input leads to a reduction of the water flow rate and, consequently, to a lower value of n in the 

reformer (equal to 1.1 for an ORC thermal input of 300 kW, as in Figure 17b). Figure 18 reports the 

value of n as a function of the ORC thermal power input for different values of TIT and β. 

 

Fig. 18 – Water/methanol molar ratio n as a function of ORC thermal input for different values of 

TIT and β 

 

The increase of the ORC thermal input notably reduces the value of n, down to a minimum value 

assumed equal to 1 (stoichiometric conditions), where the maximum heat available for the ORC is 

obtained. An ORC thermal input higher than 400 kW can be reached only for β = 5, while for higher 

values of β the heat available cannot exceed 350 kW.  



The reduction of n affects the CRGT performance, since it reduces the mass flow rate evolving in 

the turbine and, as a consequence, the specific work. Subsequently, the introduction of the ORC 

causes a reduction of the CRGT power output. Figure 19 shows the CRGT power output as a 

function of the thermal power available for different values of TIT and β. 

,  

 

Fig. 19 – CRGT power output as a function of ORC thermal input for different values of TIT and β 

 

As appears from Figure 19, the reduction of CRGT power output is in the order of 30-50 kW for the 

maximum ORC thermal input. For β equal to 5 and TIT = 900 °C, no power reduction is noticed for 

an ORC thermal input lower than 100 kW since the heat available from exhausts is too high to 

respect the limit of 20% mass increase in the gas turbine.  

As a matter of fact, the CRGT power reduction, due to the lower flow rate evolving in the turbine, 

is compensated by the ORC power production, boosting the global electricity production. Figure 20 

shows the overall power output (CRGT plus ORC) as a function of the thermal power available for 

different values of TIT and β. 



 

Fig. 20 – Global power as a function of ORC thermal input for different values of TIT and β 

 

As appears from Figure 20, for the lowest values of ORC thermal input the overall power output is 

reduced. Indeed, the power output of the ORC does not compensate for the CRGT power output 

reduction since the efficiency of the ORC cycle is particularly low (Figure 16). The increase of organic 

fluid mass flow allows a greater ORC efficiency leading to a greater overall power output. Globally, 

for a pressure ratio of 8 or 10, the overall power output ranges between 650 and 750 kW, whereas 

for β equal to 5, the overall power output exceeds 600 kW only in case of great contribution from 

the ORC engine.  

Finally, the power-to-power efficiency   provides an overview of the overall system performance 

as a function of the operating parameters of the CRGT and ORC. As appears from equations (14) 

and (15),    depends on both the power production and the power-to-liquids processes. The 

power-to-liquids efficiency     , reported in Table 4 (0.579), should be corrected since a large 

fraction of the CO2 needed for the MSS, is available at 80 bar from the CO2 capture, compression 

and storage section integrated with the CRGT. The actual efficiency      results equal to 0.587. 

Figure 21 shows the power-to-power efficiency of the overall system as a function of ORC thermal 

input for different values of TIT and β. 



 

Fig. 21 – Power-to-power efficiency of the overall system as a function of ORC thermal input for 

different values of TIT and β 

 

The power-to-power efficiency shows the same behaviour than the overall power output reported 

in Figure 20. Indeed, ηg increases with β and TIT and for great values of the ORC thermal input. A 

maximum value slightly lower than 0.23 can be obtained with β = 10 and TIT = 1100 °C. Globally, 

a pressure ratio of 8 or 10 leads to a power-to-power efficiency of the overall system ηg higher 

than 0.2. Lower values of β limits the power-to-power efficiency in the range 0.17-0.19.  

Figure 22 shows the flow diagram of the entire power-to-power plant, reporting the main mass 

and energy flows of the overall system for the reference case (β = 8, TIT = 1000 °C and ORC 

thermal input = 300 kW). 

 



Fig. 22 – Flowsheet of the overall system with mass and energy flows for the reference case 

 

Table 6 summarizes the main results of the overall system in terms of performance indexes and 

net power of the electricity production sections for the reference case (β = 8, TIT = 1000 °C and 

ORC thermal input = 300 kW).  

Table 6 Main results of the system 

 CRGT CRGT+ORC 

      683.5 kW 636.7 kW 

     / 56.6 kW 

          683.5 kW 693.3 kW 

      0.3558 0.3315 

          0.3558 0.3609 
   0.2089 0.2119 

 

5. Conclusions 

Renewable energy sources and carbon capture are key solutions to reduce the overall emissions of 

CO2 in the atmosphere. In this framework, power-to-X processes are an interesting option to 

employ renewable energy producing hydrogen and, via CO2 hydrogenation, chemicals compounds 

to be used as fuels in energy systems.  

In this paper, the integration between a power-to-methanol energy storage system and a 

chemically recuperated gas turbine (CRGT) plant was studied. The methanol is produced via CO2 

hydrogenation in a methanol synthesis section fed by hydrogen from an alkaline water 

electrolyser, exploiting renewable energy sources. The CRGT is equipped with a CO2 capture, 

compression, and storage system to provide the CO2 for methanol synthesis. The CRGT can be also 

integrated with an ORC engine to better exploit the thermal energy from the turbine exhausts.  

The power-to-methanol section was sized with reference to a 3.2 MW commercial alkaline 

electrolyser assuring a hydrogen production of about 800 Nm3/h and, subsequently, a methanol 

production of about 350 kg/h (half of the size of the only existing renewable methanol synthesis 

plant). The chosen configuration leads to an efficiency of the power-to-methanol process slightly 

lower than 0.6.  



The resulting methanol flow rate allows the feeding of a small-scale (several hundred of kW) gas 

turbine, equipped with a methanol reforming section to enhance the plant performance. Small-

scale gas turbines are characterized by low values of both compression ratio (5-12) and maximum 

temperature (900-1100 °C). A higher TIT leads to a higher temperature of the gas turbine 

exhausts, increasing the thermal energy available for the reforming process. Globally, the CRGT 

power output ranges between 560 and 770 kW, depending on TIT and β values. Indeed, an 

increase of TIT and β enhances the performance of the gas turbine cycle, leading to a greater 

power production and also to a higher CRGT efficiency (ranging between 0.359 and 0.402 for β 

equal to 12). A reference case with TIT = 1000 °C and β = 8 was set. 

The study demonstrated that CRGT plants can be an interesting low carbon technology for 

exploiting the renewable methanol. Indeed, despite a power-to-power efficiency of the overall 

system lower than 0.23, the proposed system can effectively store renewable energy surplus and, 

then, produce electricity with very low CO2 emissions. Despite reducing the heat available for the 

reforming process, the introduction of the ORC allows a better use of the heat released by the 

CRGT, slightly improving the global efficiency by about 0.3-0.4 percentage points. In fact, the CRGT 

power reduction, due to the lower flow rate evolving in the turbine, is compensated by the ORC 

power production, boosting the global electricity production. 

Finally, the power-to-power efficiency of the proposed system is significantly lower than that of a 

similar integrated system, previously studied by the same authors, based on a solid oxide fuel cell 

(SOFC) that assures a global efficiency in the order of 0.33 (even though the high energy 

requirements of the CO2 capture, compression and storage system were not considered). 

Nevertheless, the CRGT is a significantly less expensive technology than SOFC and assures a 

remarkably higher reliability. It should be kept in mind that the present analysis is focused on the 

technical aspect of the proposed system. To evaluate the financial viability of the overall process 

our future investigations under development will consider a comprehensive economic analysis. 
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