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ABSTRACT 
Methanol and ammonia are key energy carriers in a decarbonized society. This study assesses 
their use in power generation via two pathways: direct utilization as green fuels in fuel cells or as 
hydrogen carriers. Using these chemicals as hydrogen carriers achieves higher efficiencies 
(around 40%) due to the maturity of hydrogen fuel cells, resulting in electricity costs around 700 
€/MWh compared to 1200 €/MWh for direct utilization. While hydrogen offers lower electricity 
production costs, efficiency advancements in methanol and ammonia fuel cells could enhance 
their competitiveness. Additionally, for scenarios involving transportation and power generation, 
methanol and ammonia prove economically viable, particularly for distances exceeding 3000 km. 
Consequently, both are crucial for addressing hydrogen-related challenges in the new renewable 
energy systems. 
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INTRODUCTION 
The energy sector, responsible for around 75% of 

greenhouse gas emissions, requires a significant shift to 
achieve global climate goals. The integration of renewa-
ble energy sources, particularly wind and solar, is ex-
pected to increase substantially in the coming years. 
However, these technologies face challenges mainly re-
lated to their variability, which could disrupt grid stability. 
Additionally, sectors like heavy transport, shipping, and 
industrial heating are difficult to electrify directly. In this 
context, hydrogen is emerging as a promising solution to 
address these issues due to its versatility and potential 
to decarbonize hard-to-abate industries. 

According to Bloomberg [1], hydrogen and its deriv-
atives could reduce up to one-third of global emissions, 
with a projected capacity to meet 24% of global final en-
ergy demand by 2050. Hydrogen’s challenges, such as 
low volumetric energy density and complex storage con-
ditions, have led to the exploration of hydrogen-derived 
products with methanol and ammonia being the most 
prominent. These chemicals offer easier storage and 
transport options and are gaining attention for use in 

energy storage, power generation, and as alternative 
fuels in sectors such as maritime transport and aviation. 

Ammonia and methanol can be used for different 
applications through two approaches: as green fuels or 
as hydrogen carriers [2]. When used as green fuels, they 
are synthesized from green hydrogen and directly uti-
lized in end-use sectors. Alternatively, they can function 
as hydrogen carriers, simplifying the storage and 
transport of hydrogen. In this case, methanol and ammo-
nia are first synthesized, then decomposed or reformed 
to release hydrogen for final applications. In this last op-
tion, methanol steam reforming and ammonia decompo-
sition emerge as the key technologies for hydrogen pro-
duction from these two liquid carriers. 

For power generation, methanol and ammonia can 
be used in two pathways. The thermochemical approach 
involves combusting methanol or ammonia, mainly, in gas 
turbines, sometimes requiring co-fuels to stabilize com-
bustion. Alternatively, electrochemical methods employ 
methanol or ammonia in fuel cells, known as Direct Meth-
anol Fuel Cells (DMFC) and Direct Ammonia Fuel Cells 
(DAFC). While promising, these technologies face energy 
efficiency challenges today that require further research. 
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Another option is using methanol and ammonia as inter-
mediaries to generate hydrogen, which is then used in 
hydrogen fuel cells. This approach benefits from the 
higher efficiency of hydrogen fuel cells but introduces 
added process complexity, energy losses, and costs. 

Research has mainly focused on optimizing cata-
lysts and reactor designs for processes like methanol re-
forming and ammonia decomposition, as well as improv-
ing fuel cell materials and configurations. However, there 
is limited comprehensive analysis from a process system 
engineering perspective of these X-to-Power alterna-
tives using fuel cells. Therefore, this work addresses the 
gap by systematically evaluating five process alterna-
tives: direct methanol and ammonia fuel cells, methanol 
reforming and ammonia decomposition coupled with hy-
drogen fuel cells, and direct hydrogen use in fuel cells. A 
technical and economic evaluation is performed, intro-
ducing detailed reactor modeling, to provide comprehen-
sive insights into the deployment of this power genera-
tion technology. 

 
Figure 1: Overview of the analyzed alternatives [3] 

PROCESS ALTERNATIVES  
This study evaluates two distinct methods for utiliz-

ing methanol and ammonia in power generation with fuel 
cell technology. The first approach directly introduces 
these compounds into fuel cells, while the second uses 
them as hydrogen carriers. In the latter option, hydrogen 
is generated from methanol or ammonia before being fed 
into a fuel cell. A third alternative is also examined, where 

hydrogen is directly utilized as a fuel for comparative pur-
poses. A schematic representation of these approaches 
is provided in Figure 1. 

Methanol based alternatives 
The first method involves the direct use of methanol 

in a direct methanol fuel cell (DMFC), which operates with 
an aqueous methanol solution (1 M) and air. In the DMFC, 
methanol reacts at the anode to produce carbon dioxide, 
protons, and electrons, while oxygen at the cathode re-
acts with protons to form water according to the follow-
ing reactions.  

𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂2 + 6𝐻𝐻+ + 6𝑒𝑒−  (1) 

6𝐻𝐻+ + 6𝑒𝑒− + 3
2
𝑂𝑂2 → 3𝐻𝐻2𝑂𝑂   (2) 

The system operates at a temperature of 333 K un-
der atmospheric pressure. Effluents from the DMFC are 
processed to separate carbon dioxide, water, and meth-
anol. Gaseous CO₂ can be recycled to methanol synthe-
sis, while water and methanol are reintegrated into the 
fuel cell feed. The cathode effluent undergoes similar 
separation to recycle water and adjust methanol compo-
sition. 

In the second alternative, methanol is reformed to 
produce hydrogen, which is then fed into a solid oxide 
fuel cell (SOFC). The reforming process involves steam 
reforming of methanol in a fixed-bed, adiabatic, catalytic, 
membrane reactor, producing hydrogen, carbon dioxide, 
and small amounts of carbon monoxide. Cu/ZnO/Al₂O₃ is 
the selected catalyst due to its favorable catalytic activ-
ity, rapid kinetics, high selectivity, and cost-effective-
ness. The following reactions are involved in the metha-
nol steam reforming unit:  

𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ⇌ 𝐶𝐶𝑂𝑂2 + 3𝐻𝐻2   (3) 

𝐶𝐶𝐶𝐶 + 𝐻𝐻2𝑂𝑂 ⇋ 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2                 (4) 

𝐶𝐶𝐻𝐻3𝑂𝑂𝑂𝑂 ⇋ 𝐶𝐶𝐶𝐶 + 2𝐻𝐻2                  (5) 

The process operates at 600 K and 10 bar with a 
steam-to-methanol ratio of 1.5. A Pd-Ag membrane sep-
arates hydrogen from the reforming mixture, and the re-
maining stream is further processed. To maintain the en-
dothermic reforming reactions, heat is supplied through 
intermediate heating stages (interheaters between adia-
batic reaction stages). This involves burning a fraction of 
methanol and utilizing the flue gases for heating.  

Hydrogen generated is then introduced into an 
SOFC, which operates at 800°C. This technology has 
been selected for its high level of efficiency, exploiting 
the high temperature of the hydrogen obtained in the re-
forming stage. The high-temperature outlet gases are 
used to heat the incoming streams, and the remaining en-
ergy is utilized in an organic Rankine cycle (ORC) to max-
imize energy recovery. Refrigerant R134a is selected as 
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working fluid in this work. The SOFC has an electrical ef-
ficiency of 60%, and its fuel utilization ratio is set at 80%. 

Ammonia based alternatives 
The first alternative explored with regards to ammo-

nia utilization is the direct ammonia fuel cell (DAFC). In 
this study, an alkaline membrane fuel cell has been se-
lected since it allows operation at low temperature. Am-
monia reacts at the anode to produce nitrogen, water, 
and electrons, while oxygen reacts at the cathode to form 
hydroxyl ions. The following reactions take place in the 
DAFC unit:  

2𝑁𝑁𝐻𝐻3 + 6𝑂𝑂𝐻𝐻− → 𝑁𝑁2 + 6𝐻𝐻2𝑂𝑂 + 6𝑒𝑒−  (6) 

3𝐻𝐻2𝑂𝑂 + 6𝑒𝑒− + 3
2
𝑂𝑂2 → 6𝑂𝑂𝐻𝐻−   (7) 

The process operates at 368 K under ambient pres-
sure, with air at 50% relative humidity. A fraction of the 
ammonia permeates the anion exchange membrane (re-
ferred to as crossover), undergoing oxidation at the cath-
ode to produce nitrogen oxide (NO). A selective catalytic 
reduction (SCR) unit is used to remove nitrogen oxides 
from the cathode effluent. The anode effluent, primarily 
ammonia, water, and nitrogen, is cooled to separate and 
recycle ammonia. 

In the second ammonia-based method, ammonia is 
decomposed in a fixed bed, adiabatic, catalytic mem-
brane reactor to produce hydrogen, which is then fed into 
a SOFC. The reaction is endothermic, requiring high tem-
peratures (900 K) and a pressure of 10 bar. Ni/Al₂O₃ is the 
selected catalyst due to its economic advantages and 
satisfactory performance. The following reaction is per-
formed in the ammonia decomposition process:  

2𝑁𝑁𝐻𝐻3 ⇋ 𝑁𝑁2 + 3𝐻𝐻2                 (6) 

To enhance the performance of the decomposition 
reaction, a Pd-Ag membrane separates hydrogen in situ, 
improving equilibrium conditions. A sequence of four re-
actors along with their respective heat exchangers has 
been implemented to supply the required energy for the 
reaction. A fraction of ammonia is combusted to provide 
the necessary energy in the decomposition section. Hy-
drogen produced is heated and introduced into the 
SOFC, similar to the methanol reforming case. Waste heat 
from the SOFC is also used in an ORC to improve the en-
ergy efficiency of the overall process. 

Hydrogen based alternative  
In the final alternative, hydrogen is directly fed into 

a SOFC. The process is similar to the hydrogen utilization 
stages of methanol and ammonia as hydrogen carriers. 
Hydrogen is preheated to 800°C, and the high-tempera-
ture SOFC exhaust gases are used, in a first stage, to 
heat the inlet streams and, finally, for energy recovery via 
an ORC. 

Solution Procedure  
A detailed 1-D differential equation model is in-

cluded to evaluate the performance of the reactor units 
(ammonia decomposition and methanol steam reform-
ing). With this information, all alternatives are modeled 
using a nonlinear programming (NLP) approach in GAMS, 
optimizing system operation under an economic objec-
tive function. Mass and energy balances, equilibrium 
conditions, detailed 1-D differential equation models, etc. 
are used to represent the different units involved. Capital 
(CAPEX) and operating (OPEX) costs are estimated using 
established correlations for the chemical industry. For 
the calculation of the operating cost, the main inlet pa-
rameter is the cost of the fuel. For methanol, the baseline 
price is set to 1200 €/t, for ammonia, 1060 €/t and, for 
hydrogen, 5 €/kg. All cases are modeled for a fuel cell 
with a power capacity of 1 MW. In addition, an integrated 
assessment of the transportation of these chemicals and 
their subsequent transformation into power (using the 
proposed alternatives) is performed. To compute the 
transportation cost for each chemical, an average value 
is taken from the literature for the different alternatives. 

RESULTS AND DISCUSSION  
The result section presents the key operating varia-

bles for four analyzed alternatives that utilize ammonia 
and methanol as hydrogen carriers, along with a baseline 
scenario using hydrogen directly in a fuel cell.  

Table 1: Main operating variables for power production 
using methanol/ammonia as hydrogen carriers. 

Variables Methanol Ammonia 
% inlet fuel to combustion   
% H recovery in the mem-
brane 

  

Final reactor conversion (%)   
kg H /kg fuel   
Net power (kW)   
Energy efficiency (%)   
Energy yield (kWh/kg)   

 
Both methanol reforming (600 K) and ammonia de-

composition (900 K) are endothermic reactions requiring 
significant heat input. To achieve standalone operation, a 
fraction of the fuel (20–25%) is combusted to meet these 
thermal requirements. Ammonia decomposition demands 
more fuel combustion due to its higher operating temper-
ature (as shown in Table 1). The reactor configuration 
based on a multibed reactor ensures nearly complete 
conversion of methanol and ammonia (around 97% in 
both cases). However, hydrogen recovery varies be-
tween processes attributed to differences in permeability 
and partial pressures in the membrane. Consequently, 
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the hydrogen yield is 0.11 kg H₂/kg methanol (58% of 
maximum potential) and 0.12 kg H₂/kg ammonia (67% of 
maximum). This operating results directly influence the 
energy efficiency of the process. Methanol-based sys-
tems achieve 36% efficiency, while ammonia-based sys-
tems reach 42%, mainly due to the better performance in 
the production of hydrogen from ammonia.   

Table 2: Main operating variables for power production 
using methanol/ammonia/hydrogen as green fuels. 

Variables Methanol Ammonia Hydrogen 
Net power 
(kW) 

   

Energy effi-
ciency (%) 

   

Energy yield 
(kWh/kg) 

   

 
Methanol and ammonia can also be used directly in 

fuel cells. The fuel cell efficiencies achieved are 23.3% 
for methanol and 15% for ammonia (reaching the global 
efficiencies of Table 2). These efficiencies are signifi-
cantly lower than those of hydrogen fuel cells (60% of the 
selected SOFC). The overall energy efficiency of the pro-
cess (including other units apart from the fuel cell) is 26% 
for methanol, 17% for ammonia, and 53% for hydrogen. 
Therefore, despite the more complex processes in hy-
drogen carrier alternatives, they remain competitive due 
to the lower efficiencies of the current DMFC and DAFC 
technologies. 

 
Figure 2. Total CAPEX and its distribution [3] 

A systematic economic evaluation of the proposed 
alternatives has also been performed.  The CAPEX for the 
systems studied ranges from 7,000 to 14,000 €/kW (as 
shown in Figure 2). Processes employing methanol or 
ammonia as hydrogen carriers exhibit higher investment 
costs compared to direct fuel cell technologies, mainly 
due to the added complexity introduced by methanol 

reforming or ammonia decomposition. Among these, the 
DMFC represents the least capital-intensive option, as it 
operates with minimal additional equipment beyond the 
fuel cell. However, alternatives with lower CAPEX have 
reduced energy efficiencies according to Tables 1 and 2, 
presenting a trade-off that becomes evident in the oper-
ating costs, as discussed below. The distribution of 
CAPEX shows that the fuel cell unit accounts for the ma-
jority of the investment, ranging from 55% to 92% of the 
total cost. Heat exchangers also constitute a significant 
portion of CAPEX in methanol reforming and ammonia 
decomposition processes, given their critical role in man-
aging the thermal demands of these systems. 

 
Figure 3. OPEX of the different alternatives with its 

breakdown [3] 

When compared to other power generation technol-
ogies, the CAPEX for methanol and ammonia fuel cell sys-
tems is considerably higher. For instance, renewable 
technologies like PV panels (810 €/kW), onshore wind 
turbines (1178 €/kW), biomass-based systems (1998 
€/kW), and concentrated solar power (3950 €/kW), as 
well as traditional sources like natural gas combined cy-
cle plants (924–1386 €/kW) and nuclear plants (6470–
7394 €/kW), all show significantly lower CAPEX. The ele-
vated capital costs of methanol/ammonia fuel cell sys-
tems arise from two main factors: the high cost of fuel 
cells, which are still maturing and expected to become 
more affordable, and the lack of economies of scale due 
to their relatively small-scale application (in this study 1 
MW capacity).  

Figure 3 presents the operational costs for the ana-
lyzed alternatives. In contrast to CAPEX, the OPEX of sys-
tems using methanol/ammonia as hydrogen carriers is 
lower than that of direct ammonia or methanol fuel cell 
systems. For hydrogen carrier-based configurations, the 
OPEX is approximately 500–800 €/MWh, whereas for di-
rect ammonia or methanol usage, the OPEX ranges from 
1000–1500 €/MWh. The higher energy efficiency of 
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hydrogen carrier alternatives offsets their increased 
CAPEX, leading to comparatively lower operating costs. 
Fuel costs dominate the OPEX, especially for systems 
where methanol or ammonia is directly used as green 
fuels, contributing over 80% of total operational ex-
penses. Thus, the reduction of the production cost of 
green methanol and ammonia will be a critical driver for 
the broader adoption of these power generation path-
ways. 

Compared to current electricity generation costs, 
methanol and ammonia systems are more expensive. For 
example, renewable systems such as solar PV (60–100 
€/MWh), onshore wind (40–80 €/MWh), and biogas (90–
170 €/MWh) are more cost-effective. However, methanol 
and ammonia are employed as energy carriers/storage 
systems, involving the chemical production and the back 
transformation into electricity, which inherently leads to 
higher costs. When viewed as energy storage options, 
methanol and ammonia offer competitive costs com-
pared to other storage technologies. For instance, 
pumped hydro costs range from 185–278 €/MWh for 
short-term applications but escalate to 2778–3704 
€/MWh for seasonal storage. Similarly, battery storage 
costs range from 370–556 €/MWh for short-term and 
37037–41667 €/MWh for seasonal applications [4]. 

In addition, a sensitivity analysis is performed for 
two critical parameters: fuel cell energy efficiency and 
the price of methanol/ammonia. Hydrogen fuel cells cur-
rently achieve approximately 60% efficiency, while direct 
ammonia and methanol fuel cells achieve around 15% and 
25%, respectively. These efficiency differences signifi-
cantly affect economic performance. Hydrogen fuel cells, 
being more developed, are expected to see moderate im-
provements (up to around 80%). However, direct metha-
nol/ammonia fuel cells are in earlier stages of develop-
ment, with potential for significant efficiency gains. The 
economic performance of the proposed system is ana-
lyzed under different energy efficiency scenarios show-
ing the results in Figure 4. For direct methanol fuel cells, 
achieving an efficiency of 47% would make them com-
petitive with systems based on methanol reforming and 
hydrogen fuel cells. Similarly, direct ammonia fuel cells 
would need to reach 43% efficiency.  

Fuel cost is a dominant factor in the overall electric-
ity cost, as indicated in Figure 3. Green methanol and am-
monia prices vary widely, influenced by production meth-
ods. Future projections estimate prices of 231–583 €/t for 
methanol and 285–350 €/t for ammonia by 2050 [5]. If 
methanol and ammonia prices drop below 400 €/t, elec-
tricity costs could range between 400 and 600 €/MWh, 
narrowing the gap between direct and hydrogen-based 
systems. Direct methanol systems, in particular, could 
become more economically competitive, potentially out-
performing hydrogen-based alternatives. 

The previous results are circumscribed to the 

process itself. At this point, hydrogen as such shows the 
best economic performance with the lowest operating 
cost. However, the main limitations about the use of hy-
drogen come from its storage and transport conditions.  

 
Figure 4. Operating cost versus fuel cell efficiency [3] 

For shorter distances, the percentage of the trans-
portation cost in the total cost remains low in all cases. 
Therefore, as hydrogen shows the best operating cost in 
the transformation stage, this is the technology with the 
best global performance. In the case of rail transport or 
shipping, hydrogen transport is not considered due to the 
difficulties associated and the lack of data for these al-
ternatives. As distance increases, the transport costs as-
sociated with hydrogen experiments notably increase, 
higher than in the case of methanol or ammonia. For ex-
ample, when transported by truck over 3000 km, the 
transportation cost represents around 70% of the total 
cost for hydrogen. Consequently, the total cost of the 
system exceeds the cost values associated with ammo-
nia and methanol. In the case of truck transport, the tran-
sition point is around 400 km, where the use of methanol 
as hydrogen carrier is recommended. Regarding pipe-
lines, the hydrogen transportation cost is significantly 
lower than the case of truck, shifting the transition point 
to around 3000 km. Hence, methanol and ammonia 
demonstrate great potential in applications where trans-
portation and/or storage is critical. 

CONCLUSIONS  
A systematic evaluation compares methanol and 

ammonia as green fuels or hydrogen carriers for electric-
ity generation via fuel cells. Ammonia and methanol as 
hydrogen carriers demonstrate superior technical and 
economic performance today, with overall energy effi-
ciency of 35–40% compared to 15–25% for direct alter-
natives. This efficiency translates to lower operating 
costs (600–800 €/MWh). While hydrogen fuel cells 
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exhibit higher efficiency in power generation, transporta-
tion costs favor methanol and ammonia, particularly for 
long distances. With potential efficiency improvements 
for direct alternatives, methanol and ammonia are posi-
tioned as critical solutions for long-term energy storage 
and transportation challenges. 
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Figure 5: Total cost of transportation and power production [3] 
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