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Abstract 

This paper describes a new approach to distributed polygeneration systems using waste heat 
from power generation, and/or other renewable sources such as geothermal or solar heat, to 
drive an electrochemical reformer system that converts methanol efficiently into separate 
streams of hydrogen and carbon dioxide.  Methanol, which can be economically made from the 
biogas produced by an anaerobic digester, fed with organic waste or biomass, becomes an 
intermediate between these renewable, domestic energy sources and hydrogen.  With the 
carbon already captured prior to combustion, the hydrogen will be supplied directly to internal 
combustion engines, turbines and fuel cells for distributed polygeneration of electricity, heat 
and cooling.  This ECR technology represents a step-change that improves energy efficiency 
and is scalable from 100 watt to 2MW modules.  The solid output of the digester can also be 
combusted to produce additional saleable energy, gasified to produce liquid fuels through the 
Fischer-Tropsch process, or used as fertilizer.  Waste heat from various processes used in the 
polygeneration process will be recovered by the anaerobic digester and/or the ECR.  The ECR 
can be thought of as an electrochemically active heat sink that will dramatically reduce or 
eliminate the need for external water for cooling thermal plants.  Finally the liquid effluent can 
also be used as an organic fertilizer, thereby creating a zero-waste biorefinery. 

The anaerobic digesters and methanol synthesis systems used in these biorefineries are 
commercially available and well-proven worldwide.  The only new technology proposed for 
these systems is the hydrogen generator.  This new approach to hydrogen generation, called 
electrochemical reforming (ECR), is based on a novel liquid phase reforming process originally 
patented by the late Dr. Patrick Grimes[1,2] and developed at Gibbs Energy.  Liquid phase 
ECR provides unique advantages over conventional steam reforming. This is because liquid 
phase reforming opens up novel electrochemical pathways that are not accessible in 
conventional gas phase steam methane reforming (SMR). Potential advantages include; i) 
higher efficiency than steam methane reforming, ii) lower reforming temperatures that can 
utilize available waste heat (<400ºC), iii) simplified product clean-up, iv) reduced gas 
compression requirements. 
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Introduction 

Electrochemical reforming was first demonstrated by Dr. Patrick Grimes at Allis-Chalmers in 
the early 1960s as part of their work on a fuel cell tractor [3,4] and in support of the US 
Department of the Army program evaluating various approaches to the field synthesis of fuels.  
This program was called Energy Depot [5].  Throughout his subsequent career, Dr. Grimes 
continued exploring new conversion processes but always with a focus on the input fuel 
sources and their limiting chemical potential [6].  In 2003, Gibbs Energy was started with the 
intention of creating additional intellectual property and proving the thermodynamics and 
economics of this approach to improving the efficiency of processes [7].  Since the initial 
development program was funded by ConocoPhillip, the transportation market was the primary 
focus.  Hydrogen was chosen as a target fuel since, in the long-term, it holds the promise of 
being a transportation fuel, but it is already the second most expensive input to the oil industry.  
As Table 1 shows below, current transport fuels have a hydrogen-carbon (H/C) ratio of about 
2.18:1.  Crude oil only has about a 2.07:1 ratio and the balance has to come from an external 
hydrogen source, generally a steam methane reformer (SMR).  Today, the average consumption 
of hydrogen for this purpose is about 32,640,000 kg (~12.8 billion scf or 362,503,540 Nm-3) 
per day [8].  This equals 756,966 barrels of oil equivalent ((BOE) 1 BOE = 6.185 GJ), or about 
the output of four average size refineries.  Considering that biomass has an H/C ratio of only 
about 0.4:1, making up this massive hydrogen deficit poses a significant barrier its use as a 
cost-effective source of logistically compatible liquid fuels. 

 

 

Table 1: H/C Ratios and Energy Content of Various Fuels 

As the quality of available oil resources declines, and the fuel quality standards continue to 
increase, the demand for hydrogen is only going up from the current 2.8-5.6 Nm-3 per barrel to 
as much as 15-28, a point some refineries processing heavy oils are already at.  With this 
incremental growth in mind, Gibbs focused on a modular design that could be readily 
integrated into refinery growth plans.  Work was done on the demonstration of a thermally 
driven system, using 200C waste heat, which is readily available in any refinery, as the driving 
force.  Methanol was the first fuel tested and a complete system, with an electrochemical 
reformer, integrated carbon-capture and electrolyte regeneration was built and operated for 
several years [9].  In parallel with the lab work, extensive economic modelling was done to 
determine the market potential for the proposed ECR system.  After two years of integrated 
system operation, updated models were done reflecting revised costs based on the performance 
data.  Somewhat shockingly, we discovered that the technology was far more scaleable and 
cost-effective, than originally thought, and the projected costs and efficiencies opened up the 
possibility of methanol as an alternative method of moving natural gas to distant markets as 
well as the possibility using the ECR as a pre-combustion carbon capture system that would 
actually increase the efficiency of the power plant in which it was installed.   
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Finally, ways were sought to see how this technology could be used to recycle some of the 
carbon which nature has already recaptured as biomass.  This led to the development of the 
business plan and system configurations that will be described in this paper. 

 

Technical Approach 

This new approach to hydrogen generation, called electrochemical reforming (ECR), is based a 
novel liquid phase reforming process originally patented by the late Dr. Patrick Grimes  [1].   
Liquid phase ECR provides unique advantages over conventional steam reforming. This is 
because liquid phase reforming opens up novel electrochemical pathways that are not 
accessible in conventional gas phase steam reforming. Potential advantages include: 

1. Higher efficiency than steam methane reforming (SMR); 
2. Lower reforming temperatures that can utilize available waste heat (<400ºC); 
3. Simplified product clean-up; 
4. Reduced gas compression requirement. 

Figure 1 below shows a generic flow chart with all of the elements necessary to create a liquid-
phase ECR system.  The simplest possible system using a redox reactor requires the following 
elements: one oxidizable reactant; one reducible reactant; electrically conductive catalyst 
material; one ionically conductive electrolyte; external energy addition; one desired product; 
and one by-product.  Although the ECR can use a wide range of primary feedstocks, methanol 
was chosen first, because of its favorable thermodynamics as well as it being an economical, 
commercially available fuel. Initial experimental work for ECR hydrogen generation was 
preformed was conducted in KOH electrolyte. The overall ECR reforming reaction in 
hydroxide was: 

CH3OH + 2 KOH = 3 H2 + K2CO3      (1) 

Later work was performed in potassium carbonate electrolytes.  The reaction in carbonates is: 

CH3OH + 2 H2O + K2CO3 = 3 H2 + 2 KHCO3    (2) 

In contrast, the overall reaction for steam reforming or liquid phase reforming at pH<7 is: 

CH3OH + H2O  = 3 H2 + CO2       (3) 
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Figure 1: Grimes’ ECR Process Flow 

The ionically conductive material is liquid caustic electrolyte, such as an alkali hydroxide or 
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carbonate.  Reforming a fuel, such as methanol in alkaline electrolytes increases the Free 
Energy driving force as compared to conventional gas phase or liquid phase reforming as 
shown in Figure 2. (Note; a negative free energy means that a reaction is thermodynamically 
favorable. A positive free energy is unfavorable.) Steam reforming of methanol is typically 
conducted at 250-350ºC. Increasing reaction temperature increases the thermodynamic driving 
force and the rate of reaction. The thermodynamic driving force in KOH (at pH 14) or in K2CO3 
(at pH 11) is much more favorable than steam reforming even at much higher temperatures. 
This shows that alkaline reforming will be active at much lower temperatures than steam 
reforming. This additional free energy advantage arises from the acid-base reaction between 
CO2, a weak acid, and KOH or K2CO3, strong bases.  Experimental data confirmed that the 
higher the pH, the greater the hydrogen generation rate and reaction selectivity.  In hydroxide 
electrolytes, purities above 99% were achieved without any cleanup.  Carbonate electrolytes 
dropped this figure to about 98.5%.   
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Figure 2:  Comparison of Free Energy for Methanol Reforming in Various Media 

 

     

Figure 3: Batch and Continuous Flow Test Stands 

Figure 3 shows the test stands for the batch and continuous flow reactors where the ECR 
development work was done.  Additional stands were used for the development of the 
electrolyte regeneration systems and half-cell reaction tests.  Almost all of the data gathered 
was on methanol, since it was a readily available feedstock with a well understood cost.  But, 
glucose and isopropyl were also tested to confirm the efficacy of the thermodynamic models 
and see if there was the possibility of direct utilization of biomass as a feedstock.  The 
preliminary results of this work were promising, but the biomass-methanol-hydrogen pathway 
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was chosen as the configuration with the least amount of technical risk to be followed for the 
initial stages of commercial exploitation. 
 

Thermodynamics 

In all cases, extensive thermodynamic modelling was done on the reactions using both 
purchased and proprietary software.  In cases where commercially available tables lacked 
necessary data, Gibbs generated it internally in the lab.  The experimental data validated these 
models and the summary of the energy required to generate hydrogen from methane. methanol, 
carbon and water are shown in Table 2 below.  The top yellow cell shows the energy required 
to make a mole of hydrogen using a conventional SMR, which accounts for 95% of the 
hydrogen produced and the lower yellow cell shows the energy required for water electrolysis, 
which produces the remaining 5%.  A comparison of the two readily explains the difference in 
market share.  Also, please note that these figures do not include the additional energy required 
for gas separation, where needed, and mechanical compression.  Both of these requirements are 
dramatically reduced by the ECR. 

 

Table 2: Comparison of ECR, SMR & Electrolysis Energy & System Needs 

Economics 

From the outset, the goal of all of this work was to reduce the cost of hydrogen.  Before work 
was begun, a preliminary model was developed to compare the potential cost of hydrogen from 
an ECR with an SMR as a function of the costs of natural gas and methanol.  In order to 
confirm our assumption, in addition to extensive literature searches, both internal and external 
studies were done on these costs and projected trends.  Also, quotes from vendors were 
obtained. 
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Two basic system configurations were modelled, one using bulk-phase reactors and another 
using a planar design more similar to other electrochemical systems.  Although the bulk of the 
lab work was done in batch and continuous flow reactors, a planar configuration, similar to 
electrolysis, offers the best opportunity for scalability, both upward and down.  The initial 
design target was for a 2,550 kg per day module (1,000,000 scf or 28,321 Nm-3).  This would 
fit in a standard 40' ISO shipping container.  Later work showed that efficiency could be 
maintained all the way down to systems generating as little as 1 kg per day.   

After the final capital and operating costs estimates were completed, and the thermal energy 
needs for the ECR operation were confirmed experimentally, the resulting cost projects opened 
up another potential market for the ECR, bulk energy transport.  Since methanol synthesis can 
be done at much smaller scale than LNG, the ECR offers the possibility of making much of the 
world's "stranded" gas commercially recoverable.  The summary of the energy efficiency is 
shown in Figure 4 below. (Please note that these figures do not include any increase in 
efficiency of an ECR system that was driven by waste heat.) Figures 5 shows the results of the 
cost and efficiency analysis described above.   

 

Figure 4: "Gas-to-Methanol versus Conventional Gas Transportation Technologies 
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Figure 5: ECR versus SMR Hydrogen Cost Comparison 

Figure 5 looks at a worst-case scenario where methanol costs $1.00 per gallon.  In discussions 
with potential vendors, methanol from Trinidadian gas could be landed on the US Gulf Coast 
for $0.35/gallon and two US vendors quote $0.50 per gallon for "wood alcohol".  These prices, 
along with the carbon capture integral to the ECR process can have a major impact on the costs 
and markets of both hydrogen and power. (see Tables 3 & 4 below) 

 

 

Table 3: Conventional Hydrogen & Power Generation versus ECR 
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Table 4: Conventional Distributed Generation versus ECR 

The cost of methanol assumed for these analyses was $0.35 per gallon and specially notice that 
Table 4 shows the ECR in markets that currently have no carbon capture options available. 

Biomass-to-Hydrogen Applications 

In order to break the lock between the price of natural gas and methanol, biomass sources can 
be used.  However, as Table 1 shows, biomass is hydrogen poor but biogas is hydrogen rich.  
Therefore, Gibbs Energy developed a business plan that would field anaerobic digester based 
biorefineries that would sell a range of commercially valuable outputs.  Figure 6 below shows 
the inputs and outputs of a typical dry digester based biorefinery system.  Based on quotes from 
vendors, the methanol cost from biomass is projected to be about $0.30/gallon. 
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Figure 6: 37,857 short ton per annum ECR Biorefinery Flows 

 

 

Process Primary Cost   H2 Cost H2 Cost 
  Feedstock $ /Unit $/MMBTU $/kg 
        

SMR natural gas  $6.00  /MMBTU  $15.37   $2.07  
        

ECR  methanol  $0.35  /gallon  $5.72   $0.77  
        

ECR  natural gas  $6.00  /MMBTU  $12.93   $1.74  
        

ECR  biomass 
 

$20.00  /ton  $5.28   $0.71  
 

Table 5: Cost of ECR Hydrogen from Biomass, Methanol & Natural Gas 

 

Table 5 shows the cost of hydrogen from biomass, methanol and natural gas.  The following 
examples show the effects of the availability of such low-cost hydrogen in several markets. 
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Refining 

 

Figure 7: Refining Margins in California from 1995 to 2009 

 

 

Table 6: California Refinery Model Economic Summary 

Figure 7 shows that the average profit margin for refineries in California from 1995 until 2009 
was $4.18 per barrel.  Table 6 shows the cost of hydrogen and the potential savings from ECR 
hydrogen using methanol made from biogas.  This offers a potential increase in profit margins 
of $2.28 per barrel or 54.5%.  This calculation includes no monetary benefit from the reduction 
in emissions of almost 20 million short tons of CO2 per year.  All cost and performance figures 
were based on the 2,550 kg per day module mentioned above. 
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Distributed Generation 

Another interesting market that Gibbs looked at was distributed generation using arrays of 
commercially available internal combustion engines that have been modified to operate on 
hydrogen.  Performance figures were based on the data provided by Ford to the US Department 
of Energy and the first target market analyzed was multi-family housing with a minimum of 
200 units per site.  This size was chosen because there are technically-qualified staff on site and 
there are about 120,000 such sites in the US. 

 

Figure 8: Daily Flows for a 100 ton/day Biomass-to-Methanol Facility 

 

Figure 8 shows the daily flows for a biorefinery capable of producing 100 short tons of 
methanol per day.  The hydrogen that could be made from this methanol would supply all of 
the energy for 4,425 average apartments while the pellets could power another 4,041.  Figure 9 
below shows the daily flows for 200 of the hydrogen fed apartments. 



2nd European Conference on Polygeneration – 30th March -1st April 2011 – Tarragona, Spain  
 

 12 

 

Figure 9: Daily Flows for a 200 Unit Apartment Complex 

 

Value Summary           

Apartment Value  $121  /ft2  Energy System   

Construction Cost  $90  /ft2  capex  $85,197,858  

Apartment Size  1,000  ft2  increase 16% 

total size  4,523,314  ft2  value increase 66% 

total value  $547,321,029       

Rent  $14.52  /ft2/yr     

NOI 50%    increased:   

   $32,839,262  /yr  NOI  $21,741,097  

Cap Rate 6.0%      

Value  $547,321,029    Value  $362,351,609  

LTV 80%       

Mortgage Proceeds  $437,856,823    Mortgage Proceeds  $289,881,288  

Yield 6%     Yield 26% 
 

Table 7: Economic Value of Bio-Methanol Fed ECR Apartments 

This table summarizes the business case for providing all of the energy requirements for 4.425 
apartments with distributed, ECR hydrogen-fueled CHP systems.  The publicly traded 
apartment companies in the US realize yields on capital of about 6% per annum (prior to the 
2008 crash).  The yield on capital for the distributed CHP systems, including the central 
biorefinery, is 26%.  If the biorefinery and distributed CHP systems are financed with the 
apartments, they will only represent a 16% increase in capital costs while adding 66% to the 
value of the properties by increasing the Net Operating Income. 
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Conclusion 

Based on the last eight years of lab work, studies, market research and modelling, We can see a 
wide range of uses for the ECR and its low cost hydrogen.  The problems of hydrogen as a 
transport fuel are well known and have led us to ignore this as a near term market.  Existing 
hydrogen markets are sufficient to justify the deployment of a system that offers half the cost 
while including integrated carbon capture with no energy penalty.   

On other feedstocks, such as natural gas and coal, the pre-combustion capture, driven by power 
plant waste heat, actually will increase the efficiency of the target facility.  This unique 
attribute remains to be proven on these new energy sources. 

Therefore, Gibbs Energy will continue its work on the development of commercially 
competitive systems while identifying appropriate licensees and strategic partners. 
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Nomenclature 

Example:  
BOE  barrel of oil equivalent 
CC  carbon capture 
CHP  combined heat and power 
ECR  Electrochemical Reforming 
H/C  hydrogen to carbon ratio 
IGCC  integrated-gasifier, combined-cycle  
Nm-3  normal cubic meters 
SMR  Steam Methane Reformer 
scf  standard cubic foot 
STP  Standard Temperature and Pressure 
T:  Temperature [C] 
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