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Thermodynamic analysis of novel methanol polygeneration systems for greenhouses 

Elie Antar*,a, and Etienne Robertb 

aDepartment of Mechanical Engineering, Polytechnique Montréal, Montréal, Québec, H3T 1J4, Canada (elie.antar@polymtl.ca) ORCID: 0000-
0002-7519-8643 

bDepartment of Mechanical Engineering, Polytechnique Montréal, Montréal, Québec, H3T 1J4, Canada (etienne.robert@polymtl.ca)  

Abstract 

This work presents the modeling and thermodynamic analysis of two novel small-scale 
polygeneration systems that are capable of simultaneously converting residual biomass to 
methanol (MeOH), electricity, heat and a CO2-rich stream for agricultural greenhouses. The first 
system is based on a downdraft gasifier, while the second relies on a dual fluidized bed (DFB) 
gasifier. Both configurations leverage the H2, O2, and electricity generation capabilities of 
reversible solid oxide cells (RSOCs). The Aspen Plus process simulator is used to model the 
thermodynamic performance of the proposed polygeneration systems, which operate at total 
efficiencies ranging from 83.9 to 85.0%. From a biofuel and electrical efficiency perspective, the 
system based on a DFB gasifier is superior, providing the added benefit of enabling carbon capture 
and storage, as a N2-free stream with a molar purity exceeding 90% CO2 is generated, which could 
be readily liquefied or sequestered. 

Keywords: Polygeneration systems; Methanol; Carbon dioxide; Biomass gasification; Reversible 
fuel cells 
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1. Introduction 

The agricultural sector is currently heavily reliant on costly and unecological products derived 

from fossil fuels for its energy-intensive activities, and contributes approximately 10% of the total 

greenhouse gas (GHG) emissions in Canada [1]. According to the Report on Energy Supply and 

Demand [2], agricultural activities consume around 6.7% of the total refined petroleum products 

used in the country. Farmers mainly depend on diesel fuel and gasoline for transportation and 

powering machinery. Moreover, in temperate climates such as Canada, heating typically represents 

70-85% of the total energy expenses of greenhouses [3], with fuel oil and natural gas highly relied 

on. Canadian agricultural facilities also use 1.9% of the total electricity consumed in the country 

[4] for artificial lighting and powering electrical machinery. High-purity carbon dioxide is another 

resource highly demanded in greenhouses since its concentration in ambient air is too low for 

optimum crop growth, particularly during the day time when it is around 150 ppm [5]. A CO2-rich 

stream is often injected into the greenhouse atmospheres to attain the optimal CO2 concentration 

range of 700-1000 ppm, which has shown to enhance crop yield by 20 to 60% [6].  

Residual lignocellulosic biomass, a potentially carbon neutral and renewable energy resource [7], 

is abundant in agricultural areas. Its use in greenhouses is currently mostly limited to biomass 

boilers, which in addition to their emission indicators being on par with hard coal [8], are typically 

only able to provide part of the required heat, with the peak thermal load along with the locally 

required transportation fuel, electricity, and CO2 being covered by fossil-based products, as 

mentioned earlier. The reliance of farmers on these resources can be greatly minimized, and their 

energy sustainability can be considerably enhanced if gasification-based polygeneration systems 

are deployed in agricultural settings to harness the potential of the local energy resources. 

Polygeneration systems are suitable for decentralized applications such as greenhouses as they can 

offer high overall thermodynamic efficiencies [9], which can remain essentially unaffected by the 

choice of operating pressures. This is a considerable advantage since for the synthesis of common 

storable biofuels such as methanol or dimethyl ether, the high operating pressure range of 50 – 80  

bar needed for maximum yield [10,11] would impose serious safety consideration when 

implemented in a greenhouse. A safer operating pressure range of 20 – 30 bar causes a significant 

drop in biofuel yield, but this is compensated in polygeneration systems by: 1) using the 

unconverted syngas output of the biofuel reactors for the generation of electricity needed by the 



3 
 

greenhouse, and 2) directly using the generated heat from the exothermic biofuel reactors and the 

residual off-gas burners to meet the large heat demands of the greenhouse. This, and the fact that 

biomass transportation costs are minimized since the plants are installed next to the renewable 

biomass resources [12] have the potential to outweigh the additional equipment costs associated 

with polygeneration plants when compared with traditional heating approaches, making this an 

attractive option for greenhouse applications. 

Studies in the literature of biomass gasification-based systems, which are largely based on steady 

state thermodynamic modelling, target a broad range of potential applications, nonetheless, the 

specific needs of greenhouses remain largely unaddressed. For instance, single output 

electricity/biofuel plants are heavily investigated, where using a downdraft gasifier coupled with 

a 2.5 kW internal combustion engine (ICE), Chaves et al. [13] reported a 16.5% biomass-to-

electricity efficiency. Sara et al. [14] analyzed a 100 kW dual fluidized bed (DFB) gasifier-based 

system for H2 production, and reported an efficiency ranging between 46-50%. The co-generation 

of heat and power from biomass is also commonly discussed. Sadegh-Vaziri and Bäbler [15] 

modelled a biomass system consisting of a fluidized bed gasifier and a solid oxide fuel cell (SOFC) 

that powered a gas turbine by feeding it with the unreacted syngas, and reported a total efficiency 

of 56% (electrical and thermal efficiencies of 20.4% and 35.6%, respectively). The tri-generation 

concept of electricity, biofuel, and heat has also been studied, but to a significantly lower extent. 

Clausen et al. [16] showed that tri-generation can yield very high overall efficiencies reaching 87-

88%, by thermodynamically modelling two systems that produced either methanol (MeOH) or 

dimethyl ether (DME) as a biofuel. However, no studies were found on polygeneration systems 

designed to produce simultaneously the four products demanded for greenhouses and the 

surrounding agricultural activities. 

The goal of this paper is to present and thermodynamically analyze two novel polygeneration 

systems capable of converting residual biomass to MeOH, electricity, heat and a CO2-rich stream 

for greenhouses. The proposed systems mainly differ in the gasification stage, where a downdraft 

gasifier is used in the first system, while a DFB gasification approach is adopted in the second. 

The paper first discusses the system components chosen and their layouts, followed by the 

modelling approach implemented using the Aspen Plus process simulator. The energy flow 
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diagrams and parametric analysis are then presented in the results section, followed by a 

comparison of the energetic performances of both systems. 

2. Methodology 

2.1. General design choices 

2.1.1. Feedstock 

Wood chips is the selected biomass feedstock for this study since it is widely available in 

agricultural settings and is commonly used in biomass conversion systems studies [17,18]. Its 

characteristics is shown in Table 1. 

Table 1: Characteristics of wood chips. 

 Wood chips 

Ultimate analysis (wt% dry basis)  

C 50.6 

H 6.5 

N 0.2 

O 

S 

42 

0 

Proximate analysis (wt% dry basis)  

Moisture 45 

FC 19.2 

VM 80.1 

Ash 0.7 

LHV (MJ/kg wet basis) 12.1 

HHV (MJ/kg wet basis) 14 

 

2.1.2. Biofuel 

MeOH is the liquid biofuel considered useful for greenhouses in this work as it can be readily 

stored, transported [19], and can completely substitute gasoline in ICEs with minor modifications 

[20]. In fact, compared to gasoline, MeOH has a higher octane number (107 vs 98), a wider 

flammability range, and burns cleaner [21]. One of the most important parameters for MeOH 

synthesis from biomass-derived syngas, besides the operating reactor pressure, is the H2/CO ratio 
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which is usually kept at 2 [22]. It has been shown that enriching the H2 content in syngas has the 

potential of increasing the amount of produced MeOH by up to 150% [23]. A solid oxide 

electrolysis cell (SOEC) running on internally generated electricity and steam is selected for H2 

syngas enrichment upstream the MeOH reactor in both of the proposed systems. 

2.1.3. Carbon dioxide 

The choice of incorporating a SOEC is also motivated by the pure O2 stream that is generated 

during the electrolysis process. This stream can play a key role in producing the high-purity CO2 

stream for the greenhouse atmosphere. After the oxy-gasification stage, and following the 

conversion of the resulting N2-free syngas to biofuel and electricity, the leftover stream is mainly 

diluted with CO2 and H2O [24], and can be burned at low temperatures without generating NOx, 

yielding an exhaust suitable for greenhouse CO2 enrichment. SOECs also contribute to higher 

overall system efficiencies compared to conventional air separation units (ASUs), as was 

demonstrated by Zhang et al. [25] who reported a total system efficiency increase from 47.9% to 

59.1% after replacing an ASU with a SOEC in a biomass to MeOH plant. Butera et al. [26] also 

reached similar conclusions after integrating a SOEC into a system that converts biomass and 

electricity into MeOH. 

2.1.4. Electricity 

Another attractive feature of SOECs exploited in this study is their ability to operate in reverse 

mode, as SOFCs, generating electricity for greenhouses efficiently from syngas with very low 

pollutants emissions [27]. Several experimental studies have been published recently reporting 

successful operation of 800-850˚C SOFC units fed with syngas from biomass gasifiers [28–30]. 

The added energy value of using SOFCs instead of conventional heat engines was highlighted by 

other investigations. A 7.3 percentage points increase in system efficiency was obtained by 

Minutillo et al. [31] after replacing a micro gas turbine (MGT) with a SOFC in a small-scale 

combined heat and power (CHP) system based on biomass gasification. 

2.2. Downdraft gasifier-based system 

The first system considered relies on a 1 bar downdraft gasifier, a simple gasification approach 

suitable for small-scale applications (10 kW to 1 MW) [32]. Figure 1 shows a schematic 

representation of the system layout. The biomass is dried by the excess heat of the system to a 
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moisture level of 25% prior to gasification, to lower the CH4 content in the syngas produced. The 

gasifier oxidizing agent is pure O2, which is generated without excess by the SOEC to maintain an 

equivalence ratio ER = 0.2. This yields N2-free syngas which is cleaned using hot gas techniques, 

as they are highly recommended for such small-scale facilities since only limited waste handling 

is required [33]. Particulate matter (PM) is cleared using a cyclone, and tar is reformed in a steam 

fluidized nickel bed operating at 780 ˚C, with a steam to carbon ratio of 3. Nickel-based catalysts 

are used for tar decomposition primarily due to their high conversion efficiencies (>99% at 780 ˚C 

[34]), along with their ability to enhance the H2 and CO content of syngas and reform methane 

[35]. The tar-free syngas is then injected into a 400˚C ZnO guard bed for acid gas adsorption [15].  

To lower the compressor work, the cleaned syngas is cooled to 40 ˚C and water is separated using 

a flash condenser. The syngas is then enriched with H2 from the SOEC before compressing it to 

30 bar for MeOH synthesis. This operation is usually conducted at pressures between 60 to 80 bar 

[10], but as a compromise between MeOH conversion efficiency and the complications associated 

with higher operating pressures, a lower pressure of 30 bar is selected in this study. In the MeOH 

synthesis subsystem (Figure 1), the syngas is cooled to 225 ˚C and injected into an isothermal 

reactor with Cu/ZnO catalyst [10]. The mixture exiting the MeOH reactor is cooled to 40 ˚C and 

sent to a flash separator. The liquid mixture is crude MeOH, and the exiting gas stream (unreacted 

syngas) is sent to a SOFC operating at 850 ˚C and 1 bar. The SOFC generates a net output of 

electricity (Figure 1, dashed line) after powering the SOEC and the syngas compressor. The high 

temperature of the SOFC is maintained by heating the inlet anodic and cathodic streams using the 

high-temperature exhaust streams. At this stage of the process, the leftover syngas is highly diluted 

in CO2 and H2O, and is sent to a burner to exploit the remaining energy for generating steam for 

the nickel fluidized bed. After combustion, the exhaust gas is expected to be clean enough to be 

injected into a facility that requires CO2 enrichment, such as a greenhouse. Further details on the 

operating conditions of each unit in the system can be found in section 2.4. 
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Figure 1: Simplified schematic representation of the downdraft gasifier-based system. 

2.3. Dual fluidized bed gasifier-based system 

A DFB gasifier operating at 1 bar and 850 ˚C is used in the second proposed system, shown in 

Figure 2. The gasification agent is steam generated using the heat from the residual gas burner. 

This gasification approach was developed by the Vienna University of Technology, and is 

sometimes referred to as fast internally circulating fluidized bed (FICFB). The dried biomass 

(moisture = 25%) is gasified in a bubbling fluidized bed, which operates at a steam to biomass 

ratio S/B = 1.5, to ensure low CH4 content in the syngas. The residual char and bed material are 

transferred via an inclined chute to a fast circulating fluidized bed, where pure O2 at 450 ˚C from 

the SOEC is used for oxy-fuel combustion. The combustion gases are separated in a cyclone where 

the hot bed material is returned to the gasifier, via a loop seal, to provide the required heat for the 

endothermic gasification reactions. The chute and loop seals are fluidized by steam, preventing 

gas leakage from the combustion zone and providing N2-free syngas from the gasification chamber 

even if air is used as an oxidizing agent [36]. The reason motivating the use of pure O2 as an 

oxidizing agent in the proposed system is the resulting CO2-rich exhaust that has a molar purity 

greater than 90%, suitable for sequestration/liquefaction. This idea has been briefly introduced in 

the review paper of Heidenreich and Foscolo [33], but is scarcely investigated in DFB gasifier-

based systems in the literature despite its potential to render the biomass conversion process carbon 

negative. The syngas generated from the DFB gasifier has a large heating value and H2 content 

(high cold gas efficiency), suitable for subsequent fuel synthesis [37]. The remainder of the system 
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for syngas cleaning and conversion is similar to the description in section 2.2. Here again, just 

enough O2 is generated by the SOEC to combust the char in order to sustain gasification at 850 ˚C. 

 

Figure 2: Simplified schematic representation of the DFB gasifier-based system. 

2.4. Thermodynamic modelling 

Thermodynamic modelling is considered a more convenient approach than a kinetics-based one 

for process studies and operating conditions optimization [38], since less computational resources 

are required, and the generated results are independent of the specific reactor design. The Aspen 

Plus process simulator incorporating user-defined subroutines is used to build the steady state 

thermodynamic models of the systems, and highlight desirable operating points through parametric 

studies. The Peng-Robinson equation of state is selected to obtain thermodynamic properties [25] 

and no pressure drops are considered in the system components [39]. 

The model developed by Han et al. [40] is used for the downdraft gasifier operating at 775 ˚C and 

with an equivalence ratio of ER = 0.2. The model relies on Gibbs free energy minimization with 

chemical equilibrium restrictions. This approach was successfully validated against experimental 

data from hardwood chips gasification [40]. The steam DFB gasifier operates at 850 ˚C with a 

steam to biomass ratio S/B = 1.5. It is modelled using the zero-dimensional model by Doherty et 

al. [41], a suitable approach as the majority of the biomass conversion takes place in the 

homogeneous bottom part of the gasifier. Again, this model’s syngas composition, gasification 

temperature and carbon conversion have been validated against experimental data from wood 

chips gasification [41]. Tar in crude syngas is represented as 60% benzene (C6H6), 20% toluene 

(C7H8), and 20% naphthalene (C10H8) by weight [42], and its total concentration (on dry basis) 



9 
 

assumed at 5 g/Nm3 [43] and 9.5 g/Nm3 [36] for the downdraft and DFB gasifiers, respectively. 

For both gasifiers, 5.5% of the input biomass HHV is considered to be lost as heat in the 

gasification process.  

The cyclones are modelled using the SSPLIT block, assumed to fully separate ash and char from 

syngas [44]. Tar reforming in the nickel beds is simulated in two stages [38]: First, tar is converted 

to CO and H2 as it fully reacts at a steam to carbon ratio of 3 and 780˚C in an RSTOIC reactor 

according to the following equation: CxHyOz + (x − z)H2O ↔ xCO + (y2 + x − z) H2  (1) 

Then, the exiting stream is injected into an adiabatic RGIBBS reactor where equilibrium is attained 

through methane steam reforming and water-gas shift (WGS) reactions: CH4 + H2O ↔ CO + 3H2     (2) CO + H2O ↔ CO2 + H2     (3) 

The SEP blocks are used to simulate the guard beds operating at 400 ̊ C, with full acid gas removal, 

and a temperature drop across the bed assumed at 100 ˚C. The FLASH2 block is used for the 

adiabatic flash separators, and the COMPR block is used for the adiabatic compressors. The 

compressors discharge pressure is specified at 30 bar, with an isentropic efficiency of 80%.  

An RGIBBS block operating at 225 ˚C and 30 bar is used to replicate chemical reactions 3 and 4 

that occur in catalytic methanol reactor [25]: CO + 2H2  ↔ CH3OH     (4) 

Chemical equilibrium calculations with temperature approach are often used in system studies to 

model reactors with finite residence time, 15 ˚C is used here for both reactions [16]. For the 

exothermic MeOH reactions, which are favored at low temperatures, equilibrium is evaluated at 

temperatures slightly higher than the reactor temperature to account for non-equilibrium effects. 

Figure 3 shows the Aspen Plus flowsheet used to model the SOFC. The anode’s “AN-HEAT” and 

cathode’s “CAT-HEAT” are two heat streams required to increase the temperature of the injected 

syngas and air flowing in the SOFC to 850 ˚C obtained from the hot exhaust gas. The SEP block 

“CAT” is used to separate O2 from air and supply it as “O2-AN” to the anode, as in practice only 
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the O2 content in air is conducted across the electrolyte. The required flowrate of air is determined 

by the fraction of the supplied fuel that reacts to produce power in the unit, also known as the 

utilization factor, which is set at Uf = 0.7 [45]. The anode is modelled by an RGIBBS reactor 

“ANODE” operating at 1 bar. The reactions taken into account are the WGS reaction (Eq. 3) and 

that for H2 oxidation [45]: H2 + 12 O2  ↔ H2O      (5) 

Reactions involving CH4 and CH3OH are not considered as their concentrations in the syngas 

stream entering the SOFC are minute (CH3OH<0.7% and CH4<0.05%), and also since their 

reforming reactions require considerably higher pressures (approximately 20 bar for CH4) [17].  

The operating voltage (Vop) of the SOFC is calculated from the average Nernst voltage (VN) 

assuming a constant area specific resistance (ASR) [17,46,47] of 0.2 Ω cm2 as per the following 

equations: Vop = VN − 𝑖𝐴𝑆𝑅      (6) 

𝑖 = 𝐼𝐴 = 𝑛𝐻2,𝑟(𝑛𝐹)𝐴      (7) 

VN =  Vo − ∆ŝnF (T − To) − RTnF ln ∏ aproductsvi∏ areactantsvi    (8) 

Vo = − ∆ĝrxnonF        (9) 

where 𝑛𝐻2,𝑟 is the number of H2 moles undergoing electrochemical reactions at the anode. The 

active cell area (A) is chosen such that i = 1 A/cm2. The average molar composition of the reactants 

and products are used for calculating the activity of species in the products or reactants streams aproductsvi  and areactantsvi . A user-defined script with the aforementioned equations is compiled in a 

CALCULATOR block, which then instructs the FSPLIT block “Q-SPLIT” to divide the total 

enthalpy change “Q-RAW” from the “ANODE” block into an electrical stream “ELE” (equal to 

the calculated electrical power) and a heat stream “HEAT” (equal to the difference between the 

enthalpy change and electrical power). 

The RSTOIC block is used to model the SOEC [45], with an operating temperature of 850 ˚C and 

pressure of 1 bar. The inverse of reaction (5) is used for H2O electrolysis with a fractional 
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conversion equal to the Uf = 0.7. The amount of H2O fed into the SOEC is determined by the 

amount of O2 required by the gasifier. Equations 6 to 9 are used to calculate the operating voltage 

and current of the SOEC. The ASR and active cell area were equal to the values chosen for the 

SOFC since the system could in theory be operated using a single reversible solid oxide cell with 

appropriate electrical and gas storage [47].  

The combustion of leftover syngas exiting the SOFC is modelled using an adiabatic RGIBBS 

chemical equilibrium block at 1 bar operated with an equivalence ratio ER = 1.2. The exhaust 

stream is cooled to 40˚C and the thermal energy released is considered useful heat for the 

greenhouse. 

 

Figure 3: Aspen Plus model of the SOFC. The solid and dashed lines represent material and heat streams, 
respectively. 

3. Results 

To properly quantify the energetic yields, the following efficiencies are defined for the electrical, 

thermal, biofuel and total useful output, respectively. 

𝜂𝑒𝑙𝑒 = 𝑃𝑛𝑒𝑡(𝑚̇𝐻𝐻𝑉)𝐵𝑀 ; 𝜂𝑡ℎ = 𝑄̇𝑛𝑒𝑡(𝑚̇𝐻𝐻𝑉)𝐵𝑀 ; 𝜂𝑏𝑖𝑜𝑓𝑢𝑒𝑙 = (𝑚̇𝐻𝐻𝑉)𝑏𝑖𝑜𝑓𝑢𝑒𝑙(𝑚̇𝐻𝐻𝑉)𝐵𝑀 ; 𝜂𝑡𝑜𝑡 = 𝜂𝑒𝑙𝑒 + 𝜂𝑡ℎ + 𝜂𝑀𝑒𝑂𝐻; 
𝑚̇ is the mass flow rate of biomass input or biofuel output with a higher heating value HHV, and 

Pnet is the net electrical power from the SOFC after supplying the compressor and the SOEC. 𝑄̇𝑛𝑒𝑡 

is the net thermal energy generated by the exothermic reactors and the syngas cooling stages in the 

system after deducting the total amount of heat required by the biomass dryer, steam generator, 
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and SOEC. Therefore, the sensible heat from all the cooling stages in the system, not to be confused 

with the system losses, is assumed to be recuperated. In practice, the number and sizes of the heat 

exchangers in the system must be optimized based on the overall economic returns, where a trade-

off between recovering all the generated sensible heat and reducing the overall system 

cost/complexity may be made. As a result, the thermal and consequently overall efficiencies 

presented next can be thought of as the real-life upper bounds of the proposed polygeneration 

systems. 𝜂𝑒𝑙𝑒, 𝜂𝑡ℎ and 𝜂𝑏𝑖𝑜𝑓𝑢𝑒𝑙 are expected to have positive values, which implies that the system 

does not rely on external energy sources other than biomass. 

3.1. Downdraft gasifier-based system 

3.1.1. Sankey diagram and overall efficiencies 

The Sankey diagram of the downdraft biomass gasifier-based system is shown in Figure 4. The 

operating mode described in section 2.2 ensures that the system electricity generation is 

maximized. As can be seen, the main energy losses occur in the drying and gasification stages, 

where a total of 10.7% of the input biomass energy is lost. The cold gas efficiency (𝜂𝐶𝐺) of the 

downdraft gasifier based on the lower heating value of the biomass (LHV) is 75%. Steam at 780˚C 

is generated from the leftover syngas burner and is added to the nickel fluidized bed reactor for tar 

abatement. The cleaned syngas is then enriched with H2 from the SOEC for enhancing the MeOH 

yield, which is 𝜂𝑀𝑒𝑂𝐻 = 10.3% with a H2+CO conversion of 15.1%, a reasonable value considering 

the relatively low operating pressure. 

The unreacted syngas and air that are fed to the SOFC are heated to 850 ˚C by the hot exhaust 

stream, which is thus cooled to 76 ˚C. The electricity yield of the SOFC is 32.3% of the system’s 

input biomass energy, with 13.7% and 9.3% being fed to the SOEC and the syngas compressor, 

respectively, yielding a net electrical efficiency 𝜂𝑒𝑙𝑒 = 9.2%. The SOFC also converts 17.1% of 

the input biomass energy as sensible heat, with the remaining energy (34.5%) being exploited in 

the unreacted syngas burner (adiabatic flame temperature of 1070 ˚C). Accounting for all useful 

thermal energy generated (ex: MeOH reactor, syngas cooling, syngas burner, etc.) and consumed 

(SOEC, steam generator, etc.), the system yields a net thermal efficiency 𝜂𝑡ℎ = 65.1%, resulting 

in a total system efficiency 𝜂𝑡𝑜𝑡 = 84.6%. Regarding the possibility of CO2 greenhouse atmosphere 

enrichment, the burner’s exhaust gas contains 0.89 kg of CO2 per kg of input biomass.  
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Figure 4: Sankey diagram of the downdraft gasifier-based system. 

3.1.2. Parametric analysis 

The influence of the hydrogen recycling fraction, active cell surface areas, ER and MeOH reactor 

pressure on the performance of the downdraft gasifier-based system has been investigated and is 

presented here. The H2 produced by the SOEC can either be recycled to the MeOH reactor to 

increase its conversion efficiency, or kept as a separated stream to yield a net output (𝜂𝐻2  > 0). 

Figure 5 (a) shows the variation of the system efficiencies as a function of the H2 recycling fraction, 

defined as the ratio of the mass flowrate recycled into the MeOH reactor to the total H2 generated 

from the SOEC. With no H2 recycling (𝜂𝐻2  = 20.3%), the efficiency of MeOH synthesis is only 𝜂𝑀𝑒𝑂𝐻 = 8.7% at the 30 bar reference pressure considered here. This is because the H2/CO ratio 

provided by the downdraft gasifier is approximately equal to 1, a low value for MeOH synthesis 

[10]. As H2 starts to be injected upstream of the MeOH reactor, 𝜂𝐻2  drops to zero, while 𝜂𝑀𝑒𝑂𝐻 

reaches 10.3%. The electrical and thermal outputs are increased as well, with 𝜂𝑡𝑜𝑡 remaining 

approximately constant. This shows that the system is effectively converting the chemical energy 

of gaseous H2 (produced in the SOEC) into chemical energy in liquid MeOH, electricity and heat. 

The corresponding conversion fractions are 9%, 18% and 73%, respectively.  

The lines with markers on Figure 5 (a) show the system behavior when the active surface areas of 

the SOFC and SOEC are doubled. This means that the current densities are reduced by half 
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compared to the plain lines. This in turn improves the electrical efficiencies of both the SOFC and 

SOEC, and consequently, that of the system. Specifically, 𝜂𝑒𝑙𝑒 increases by 4.2 percentage points 

(𝜂𝑒𝑙𝑒 = 13.4% at full H2 recycling), with 𝜂𝑡ℎ dropping by an equivalent amount. Hence, the loss of 

operating voltage and the generation of heat in the SOFC and SOEC units are reduced as expected 

at lower current densities.  

 

Figure 5: Variation of the downdraft gasifier-based system efficiencies with a) H2 recycling fraction at ER 
= 0.2 and b) ER at full H2 recycling. The SOFC and SOEC current densities of the lines with markers are 

half that of the plain ones (double of the active surface areas).  

The effect of varying the equivalence ratio ER, defined as the ratio of actual O2 flow rate to that 

required for the stoichiometric combustion of the biomass, is shown in Figure 5 (b). A minimum 

ER of 0.2 is considered, since lower values would result in lower gasification temperatures, and 

consequently higher tar concentrations in the syngas. Higher equivalence ratios are attractive for 

heat generation, and may be deployed when the heat demand by the greenhouse is large. The 

thermal efficiency is 74.2% at ER = 0.32, which is the maximum ER value that can be attained by 

the system without needing external electricity supply. This is because the electrical efficiency 

drops at higher ERs as more electricity must be consumed by the SOEC to produce more O2 for 

the gasifier. The MeOH yield attains its peak value at ER = 0.26, and begins to slowly drop with 

further increase in ER since the gasifier syngas energy content becomes lower, particularly the H2 

concentration. This is reflected in the gasifier cold gas efficiency, which drops from 𝜂𝐶𝐺  = 75% at 

ER = 0.2 to 𝜂𝐶𝐺  = 64% at ER=0.32. Here again, the effect of doubling the active surface area of 

SOFC and SOEC is shown by the lines with markers. It can be seen that doing so increases the 

electrical efficiency 𝜂𝑒𝑙𝑒 by 4.5 percentage points. 
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The effect of changing the operating pressure of the MeOH reactor is important and shown in 

Figure 6. These results reveal that the ER range where a net amount of electricity is generated (𝜂𝑒𝑙𝑒 

> 0) is reduced with higher operating pressures. At 70 bar, electricity must be injected into the 

system regardless of the value of the ER because of the increased energy demand for syngas 

compression. MeOH yield is considerably enhanced with high reactor pressures. At 70 bar, 𝜂𝑀𝑒𝑂𝐻 

= 28%, which is 2.7 times the MeOH efficiency at 30 bar. This also reduces the thermal energy 

output as less syngas exits the MeOH reactor unreacted, which leads to less syngas being burned. 

The low operating pressure chosen for the baseline cases considered here lowers 𝜂𝑀𝑒𝑂𝐻, but greatly 

simplifies the system design and safety considerations. Also, this is compensated by the fact that 

other forms of useful energy are produced by the polygeneration system, where it can be seen that 

the high total efficiency of 𝜂𝑡𝑜𝑡 = 84.6% remains essentially unaffected by the operating pressure. 

 

Figure 6: Efficiency of the downdraft gasifier-based system with ER at different MeOH reactor pressures 

(—— 30, — – ― 50, and – – – 70 bar). 

3.2. Dual fluidized bed gasifier-based system 

In the second system considered, the downdraft gasifier is replaced by a steam DFB gasifier. The 

O2 from the SOEC is this time injected into the gasifier`s combustion chamber. 

3.2.1. Sankey diagram and overall efficiencies 

The Sankey diagram in Figure 7 shows the energy flow in the DFB gasifier-based system, with 

the operating mode described in section 2.3 aimed at maximizing electrical yield. 11.3% of the 
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input biomass energy is lost as water vapor in the dryer, as heat in the gasifier, and as hot exhaust 

gases from the gasifier’s combustion chamber. Steam at 450 ˚C is produced by the leftover syngas 

burner and injected into the gasification chamber. It should be noted that the drying stage is 

mandatory despite adding steam into the gasifier. This is because for a given steam to biomass 

ratio, the total water content (steam + biomass moisture) must be considered against the dry 

biomass weight, the amount of fluidizing steam thus decreases with increasing biomass moisture. 

Hence, with a 45% moist feedstock, a drying stage is mandatory to ensure adequate fluidization. 

The resulting cold gas efficiency based on the LHV for the DFB is 87%. After the syngas cleaning 

stages, the H2 content is increased using the SOEC output, with the resulting stream compressed 

to 30 bar and fed into the MeOH reactor, yielding 𝜂𝑀𝑒𝑂𝐻 = 12.2% with a H2+CO conversion of 

16.6%. 

The unreacted syngas from the MeOH synthesis stage is then heated by the hot exhaust stream 

exiting the SOFC at 850˚C, and fed into the unit for electricity generation. The SOFC generates a 

total electric yield equivalent to 33.9%, out of which an amount equivalent to 8.9% of the input 

biomass energy is fed into the SOEC, and 8.7% into the syngas compressor, resulting in a net 

system electricity efficiency of 𝜂𝑒𝑙𝑒 = 16.4%. The remaining energy exiting the SOFC is in the 

form of sensible heat (18.7%) and chemical energy in leftover syngas (34.0%), which is burned 

for heat with an adiabatic flame temperature of 1420 ˚C. Accounting for all the useful thermal 

energy generated (ex: MeOH reactor, syngas cooling, leftover syngas burning, etc.) and consumed 

(biomass drying, SOEC, steam generator, etc.), the system results in a thermal efficiency of 𝜂𝑡ℎ = 

56.3 %. This leads to an overall efficiency for this DFB gasifier-based system of 𝜂𝑡𝑜𝑡 = 84.9%.  

This system has two gas streams that could be used for greenhouse atmosphere CO2 enrichment. 

The first is the exhaust of the gasifier’s combustion chamber, and the second is the exhaust of the 

syngas burner. The former produces 0.13 kg of CO2 per kg of input biomass with a molar CO2 

purity that exceeds 90%. The absence of N2 allows for convenient CO2 liquefaction or 

sequestration. Hence this approach has the potential to render the biomass conversion process 

carbon negative. The air-blown syngas burner produces an exhaust stream with 0.79 kg of CO2 per 

kg of input biomass at 29% molar purity. 
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Figure 7: Sankey diagram of the DFB gasifier-based system. 

3.2.2. Parametric analysis 

The performance of the DFB gasifier-based system is shown in Figure 8 as a function of the ratio 

of the actual over the baseline recycled H2 flow from the SOEC. The baseline case represents a H2 

recycling fraction (as defined in section 3.1.2) of one, where all the H2 made available by the 

SOEC is recycled in the syngas when producing exactly the amount of O2 required for the gasifier. 

Two zones are distinguished by shading, with their interface representing the baseline case. In the 

unshaded zone, the H2 recycling fraction is changed between zero and one. Without H2 recycling, 

the MeOH and electrical efficiencies drop to 𝜂𝑀𝑒𝑂𝐻 = 11.1% and 𝜂𝑒𝑙𝑒 = 13.1%. These values 

increase approximately linearly to 𝜂𝑀𝑒𝑂𝐻 = 12.2% and 𝜂𝑒𝑙𝑒 = 16.4% at full recycling, with the 

fractional conversion of H2 energy into MeOH and electricity being 9.0% and 24.6%, respectively. 

The remaining 66.4% goes to heat.  

Since at full H2 recycling the electrical yield 𝜂𝑒𝑙𝑒 is relatively high, more electricity can be sent to 

the SOEC to produce more H2 in order to boost MeOH synthesis. The system performance under 

these conditions is shown in the shaded zone of Figure 8. MeOH conversion efficiency 𝜂𝑀𝑒𝑂𝐻 

increases from 12.2% to 14.1% when all the electricity is used to generate H2. This results in a 

3.5% increase in the mass flow rate into the reactor. If the active areas of the SOFC and SOEC 

units are doubled from the reference case (SOFC current density of 1 A/cm2), the MeOH 
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conversion efficiency 𝜂𝑀𝑒𝑂𝐻 can reach 15%, with a 5.7% increase in the mass flow rate into the 

MeOH reactor relative to the baseline case (lines with markers in Figure 8). In the shaded zone, 

the system converts 12% of the electrical energy to chemical energy in MeOH, and the remainder 

to thermal energy. A steam to biomass ratio S/B = 1.5 is maintained throughout, implying that an 

excess pure O2 stream is generated by the system in the shaded zone which can be useful for other 

purposes. It should be noted that the amount of O2 fed into the gasifier`s combustor is linked to 

the S/B ratio. This is because at higher S/B ratios, more char is required to be burned in the 

combustor to sustain the gasification temperature, and hence, more O2 is needed. Figure 8 also 

reveals that MeOH synthesis is always increased with more H2 enrichment. To determine the 

optimal operating point, the change in the size of the MeOH reactor, as well as the expenses and 

benefits of using or storing H2 must be taken into account. This example reveals the usefulness of 

these parametric studies to investigate the flexibility of the system to respond to different demands. 

 

Figure 8: Variation of the DFB gasifier-based system performance as a function of the ratio of the actual 
over the baseline recycled H2 flow from the SOEC. The SOFC and SOEC current densities of the lines 

with markers are half that of the plain ones (double the active surface areas). 

The maximum amount of electricity generated by the second system (𝜂𝑒𝑙𝑒 = 16.4%) is significantly 

greater than that of the first system (𝜂𝑒𝑙𝑒 = 9.2%). Hence, a greater fraction of the unreacted syngas 

may be sent directly to the burner instead of the SOFC if heat is the most desirable output for the 

greenhouse. The performance of the second system with different amounts of unreacted syngas 

being sent to the SOFC is shown in Figure 9. When the amount of syngas sent to the SOFC is 
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sufficient for it to only power the SOEC and compressor (𝜂𝑒𝑙𝑒 = 0%), the system thermal efficiency 

attains a peak value of 𝜂𝑡ℎ = 71.7%. 

 

Figure 9: Variation of the DFB gasifier-based system performance as a function of the unreacted syngas 
sent to the SOFC. The SOFC and SOEC current densities of the lines with markers are half that of the 

plain ones (double the active surface areas). 

The effect of changing the MeOH reactor pressure is shown in Figure 10. For the default case of 

30 bar, 𝜂𝑀𝑒𝑂𝐻 = 12.2%. With increasing pressure, more MeOH is synthesized from syngas, and 𝜂𝑀𝑒𝑂𝐻 increases to 30.9% at 70 bar. At this pressure, 𝜂𝑒𝑙𝑒 = 6.3%. This excess electricity can be 

sent to the SOEC to generate more H2 to further increase the MeOH synthesis. Doing so results in 

a maximum 𝜂𝑀𝑒𝑂𝐻 = 32.4% (lines with markers). Similar to the first polygeneration system, it can 

be seen that the total efficiency of this system remains high at 𝜂𝑡𝑜𝑡𝑎𝑙 = 84.9% and unaffected by 

the operating pressure. 
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Figure 10: Effect of changing the MeOH reactor pressure. The lines with markers represent full depletion 
of electricity to maximize H2 enrichment. 

4. System comparison and discussion 

To compare the performances of both systems, four cases are considered, each aiming to maximize 

a different form of energy, as can be seen in Table 2 and Table 3, with the results summarized in 

Figure 11. In the following, H2,rec denotes the H2 recycling fraction defined earlier (abscissa of 

Figure 5 (a)). The parameter SOFC split represents the fraction of unreacted syngas sent to the 

SOFC in the DFB gasifier-based system (abscissa of Figure 9) with the rest sent directly to the 

burner. Finally, 𝐻2,𝑎𝑐𝑡𝑢𝑎𝑙/𝐻2,𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 is the ratio defined earlier of the actual over the baseline 

recycled H2 flow from the SOEC (abscissa of Figure 8). 

Case 1 for both systems represents the baseline configuration discussed in sections 2.2 and 2.3, 

and aims to maximize electricity generation. Under those conditions, the maximum 𝜂𝑒𝑙𝑒 of the 

second system is approximately seven percentage points greater than that of the first. The main 

reason for this difference is that the downdraft gasifier requires a considerably greater amount of 

O2 (approximately 1.5 times) compared to the DFB gasifier. This means that more electricity is 

consumed by the SOEC, thereby lowering the net electrical yield of the first system. Case 2 aims 

at maximizing the MeOH yield. Due to the higher H2 content in the syngas generated using the 

DFB gasifier relative to the downdraft gasifier, the maximum 𝜂𝑀𝑒𝑂𝐻 for the second system is three 

percentage points greater. The yield is ultimately limited in both systems by the operating pressure 
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of the MeOH reactor (30 bar) as discussed previously. Similarly in case 3, where the H2 yield is 

maximized, the second system is more than five percentage points more efficient than the first. For 

the final case, the maximum thermal efficiency of the downdraft gasifier-based system is slightly 

greater than the DFB-based configuration since in the latter, more syngas is converted to MeOH, 

and less of it is sent to the downstream exothermic components. 

 

Figure 11: Performances of the downdraft gasifier-based system (plain) and the DFB gasifier-based 
system (hatched) under different conditions (Table 2 and Table 3). 

 

Table 2: Different operating conditions of the downdraft gasifier-based system with a MeOH 

reactor pressure of 30 bar. 

Case # Objective ER H2,rec 𝜼𝒆𝒍𝒆 𝜼𝑴𝒆𝑶𝑯 𝜼𝑯𝟐 𝜼𝒕𝒉 𝜼𝒕𝒐𝒕 
1 Maximizing electricity 0.2 100% 9.2% 10.3% 0% 65.1% 84.6% 

2 Maximizing MeOH 0.26 100% 0% 11.0% 0% 73.6% 84.6% 

3 Maximizing H2 0.26 0% 0% 8.2% 26.3% 50.9% 85.4% 

4 Maximizing heat 0.32 100% 0% 10.3% 0% 74.2% 84.5% 
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Table 3: Different operating conditions of the DFB gasifier-based system with a MeOH reactor 

pressure of 30 bar. 

Case # Objective 

SOFC 

split 

𝑯𝟐,𝒂𝒄𝒕𝒖𝒂𝒍/𝑯𝟐,𝒃𝒂𝒔𝒆𝒍𝒊𝒏𝒆 𝜼𝒆𝒍𝒆 𝜼𝑴𝒆𝑶𝑯 𝜼𝑯𝟐 𝜼𝒕𝒉 𝜼𝒕𝒐𝒕 
1 Maximizing electricity 100% 1 16.1% 12.2% 0% 56.6% 84.9% 

2 Maximizing MeOH 100% 2.8 0% 14.1% 0% 70.8% 84.9% 

3 Maximizing H2 100% 0 0% 11.1% 31.9% 42.0% 85.0% 

4 Maximizing heat 43% 1 0% 12.2% 0% 71.7% 83.9% 

 

5. Conclusion 

In this paper, thermodynamic models are presented for two novel gasification-based systems 

capable of producing from wood chips the four main products required by greenhouses. The main 

difference between the two systems is in the gasification step, where the first system relies on a 

downdraft gasifier, while the second one uses a DFB gasifier to generate syngas. The remainder 

of the conversion process is similar, with the cleaned syngas supplied to a MeOH reactor at 30 bar. 

The unreacted syngas from the MeOH reactor is then injected into a SOFC which powers a SOEC 

and the syngas compressor, while generating a net output of electricity. The SOEC is used to 

produce O2 for the gasifier, and H2 for syngas enrichment. The remaining depleted syngas is 

burned to extract its remaining energy as heat. 

Steady state thermodynamic simulations show that electricity, MeOH, heat, and CO2 can be 

simultaneously generated by the polygeneration systems at high overall efficiencies above 83.9% 

despite operating the MeOH reactors at relative low pressures. The systems are aimed at small-

scale decentralized implementation, where low-pressure catalytic biofuel reactors are preferred for 

safety reasons. This choice is clearly the limiting factor for the maximum MeOH conversion 

efficiency, which is higher for the DFB gasifier-based system at 14.1% relative to the downdraft 

gasifier-based configuration at 11.0%. Increasing the pressure from 30 to 70 bar yields almost 

three times more MeOH in both systems.  

Comparing the other energetic yields of the two systems through parametric analyses further 

highlights the thermodynamic superiority of the DFB gasifier-based configuration. This approach 

yields higher maximum electrical and hydrogen efficiencies of 16.1% and 31.9%, respectively, 
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greater than those of the downdraft gasifier-based system at 9.2% and 26.3%, respectively. In 

addition, the system relying on a DFB gasifier provides 0.13 kg of CO2 per kg of biomass input in 

a N2-free stream with a molar CO2 purity exceeding 90%. This can be readily liquefied or 

sequestered meaning that the process could effectively behave as a carbon capture and storage 

medium. 

After revealing the thermodynamic feasibility of the proposed systems in this paper, future techno-

economic studies will involve transient systems simulations to properly integrate and optimize the 

systems in agricultural settings. Temporal consumption data of heat, electricity, fuel, and CO2 of 

a typical greenhouse will be used, and proper energy storage mediums will be incorporated in the 

systems to ensure that the greenhouse demands are always met. The number and sizes of the heat 

exchangers in the systems will be optimized based on the overall economic returns, where a trade-

off must be made between recuperating all the available sensible heat, and reducing the overall 

systems complexity. Also, the sensitivity of the systems efficiencies with different types of 

agricultural biomass feedstock will be investigated. Finally, the technical challenges associated 

with DFB gasifiers [36] will be addressed to ultimately decide which configuration, between the 

two proposed systems, to adopt in an agricultural greenhouse. 
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Nomenclature 

A:  Active cell area ap/rvi :  Activity of species i in products or reactants 

AGR:  Acid gas recovery 

ASR:  Area specific resistance 

ASU:  Air separation unit 

BM:  Biomass 

CHP:  Combined heat and power 

DFB:  Dual fluidized bed 

DME:  Dimethyl ether 

ER:  Equivalence ratio 

F:  Faraday’s constant 

FC:  Fixed carbon 

FICFB: Fast internally circulating fluidized bed 

HHV:  Higher heating value 

i:  Current density  

I:  Generated current 

ICE:  Internal combustion engine 

LHV:  Lower heating value 𝑚̇:  Mass flow rate 

MeOH: Methanol 

MGT:  Micro gas turbine 

n:   Number of moles of electrons transferred 
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𝑛𝐻2,𝑟:   Number of H2 moles undergoing electrochemical reactions 

PM:  Particulate matter 

RSOC:  Reversible solid oxide cell 

S/B:  Steam to biomass ratio 

SOEC:  Solid oxide electrolysis cell 

SOFC:  Solid oxide fuel cell VN:   Reversible cell voltage V𝑜:   Standard-state reversible cell voltage Vop:   Operational voltage 

VM:   Volatile matter 

Uf:  Fuel utilization factor 

WGS:  Water gas shift 𝜂𝑖:  Efficiency of energy form i={total, net electrical, thermal, biofuel}  
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