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1. Abstract 
 

The LOWCARB project has delivered research into a wide range of technologies for 
underground coal mines related to either the mitigation of coal mine methane emissions or 
the reduction of electricity demand. Much of this work has either been fully considered in 
other reports (pre-mining methane drainage) or is too speculative to apply to current 
industrial situations (compressed air energy storage; novel gas turbine configurations). This 
report provides consideration of the technical capabilities and limitations and the related 
economics of the technologies that are currently available for immediate installation if the 
techno-economic assessment of the mine situation proves to be positive. These include the 
flow reversal reactor, related systems for co- or tri-generation of electricity, heat and cooling 
and a low-cost, accurate method of monitoring pump efficiency.  The assessment shows 
that, for a certain proportion of mines with sufficiently high ventilation air methane 
concentrations, these methane-related concepts can work technically but are currently 
restrained economically by low carbon credit prices. The pump efficiency monitoring is a 
useful and viable low-cost offering that can be applied in any large-scale pumping operation.  
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2. Introduction 
 

Taking the concept of a viable mining ‘model’, this review covers the proven technologies 
from the project with possibilities of early practical implementation, i.e. flow reversal reactor 
(FRR); potential heat output from FRR to co- and tri-generation; pump efficiency. While the 
work on ventilation efficiency is available, it was very specific to one unique mine, while the 
electrical demand management is aimed at smoothing demand patterns rather than reducing 
them.  The technical and economic aspects of the more esoteric area of compressed air 
energy storage in abandoned shafts, with associated consideration of a community micro-
grid, have been explored as far as possible within Deliverables D5.2 ‘Compressed air energy 
storage options for underground mining’ and D5.3 ‘Case study of identified site for energy 
storage’, while the design concept and associated heat exchange modelling for a novel gas 
turbine configuration devised during the project and described in Deliverable 6.1 ‘Operational 
trials and modelling of low carbon mine site technology’ would require a total restructure of 
mine energy provision and remains at too early a stage for detailed planning. The economics 
of the work related to pre-mining methane drainage is reported in Deliverable 6.2 ‘Economic 
analysis of pre-mining methane drainage technology’.  

Figure 1 shows a diagrammatic representation of how the various technologies covered by 
the project might be linked together in an ideal vision with financial enablers. 

 

Figure 1 A representation of 'low carbon' investment at a coal mine 
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The reality is that a total ‘low carbon’ approach is highly unlikely, especially as some of the 
concepts are mutually exclusive, and the researchers have worked on the principle that any 
one area of the project might prove useful in itself as an investment.  

The following Figure 2 shows a proposed high-level techno-economic model that might be 
applied to any technology concept to guide the assessment for investment potential. 

 

 

Figure 2 Techno-economic model for assessing technology concepts 

The inputs and outputs are clear enough. The technical viability presents the first question, 
which reduces the field considerably, then the efficiency at a suitable scale. From this, the 
question of possible subsidy from, for example, carbon credits is an input to a traditional 
investment review of capital and operating costs against benefits over a chosen time period.  
‘Future concepts’ are included in case of either advances in the concept under consideration 
or the emergence of new technologies that might change the game. Prediction is a difficult 
art, either for future financial variations or for future technologies, but this is part of all 
investment decisions. An example for LOWCARB might be if the nascent work on methane 
concentration should move forward with, for example, innovative nano-membrane 
technology, which might quickly supersede the current leading mitigation technology of the 
thermal flow reversal reactor within the period chosen for investment criteria.      

The following report takes two areas with real current potential for application, the thermal 
flow reversal reactor and the tri-generation concept for some in-depth techno-economic 
study. The other currently practical area of pump efficiency depends very much upon the 
operational status of the equipment and procedure at a mine when use is under 
consideration (i.e. ‘current state’ on the model) and so some savings estimated from the 
trials are provided.     
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3. Environmental, social & political background 
 

For the various electrical efficiency technologies, such as the work within the project on 
ventilation and pumping, there is a clear commercial value that is independent of any wider 
social requirement, other than the need to render mining as cost-effective and non-polluting 
as possible. This is especially the case in several European economies where the future of 
coal mines is under severe threat.  Some of the work within project Deliverable 1.1, ‘The 
Energy & Carbon Cost of Underground Coal Mining’, covered the environmental impact of 
the coal-fired power stations that provide electrical energy in most coal-mining regions, as 
well as the direct greenhouse gas (GHG) emissions from the mines. Published as Diaz et al 
(2012), this showed that, when the ability of available land to assimilate the impacts of 
pollutants is considered, the environmental impact of consumed electricity may be 
approaching a similar order of magnitude upon the ecosystem as a whole as the mine 
methane GHG. This is primarily sulphur dioxide from coal-fired generation, which provides a 
rationale for electrical efficiency that goes beyond the cost factor.  

A socially useful output from the demand management work is the potential for industrial 
sites that operate many large electric motors, including but not exclusive to coal mines, to 
control better their peaks in demand so that national generation capacity does not need to 
be provided to meet high overall demand peaks. This aspect fits very well with the concepts 
related to ‘smart grids’, especially in countries that had large heavy industrial bases in 
previous years and are now looking to provide more responsive but lower capacity 
generation that will include renewable sources. This part of the project has led directly on to 
a more recent RFCS project entitled M SMART GRID, considering smart grid applications for 
mine sites. 

However, the area within the project that is most closely involved with social and 
environmental needs, with a geo-political dimension, is that of coal mine methane. The 
strategic objective to oxidize as far as possible drained and abandoned mine methane was 
described in project Deliverable 2.2, ‘Low Emission Methane Utilisation’, an approach that 
mainly uses internal combustion engines (ICE) and provides a good source of electrical 
power either to the mine or for export. Where methane drainage is practised, a substantial 
saving on electricity is achieved, although there remains a case for extension of the 
classification of recoverable energy sources (which includes landfill gas) to include 
abandoned mine methane in more countries in order to make the economic case for 
investment more attractive.  This is a particular issue in the UK, which has a huge number of 
abandoned coal mines, as was discussed in detail in the project Deliverable 1.3, ‘The 
Economics of Low Carbon Mining’.  Other than this specific potential for some wider subsidy, 
unlikely to be forthcoming in current straightened economic times, the use of ICE gas 
engines for these fairly concentrated methane streams (>35%) is a mature technology that 
justifies itself economically. 

The ‘low carbon’ area that has major social, environmental and political dimensions is that of 
coal mine ventilation air methane (VAM).  This is a significant global source of methane 
emissions, the destruction of which offers a real greenhouse gas (GHG) mitigation 
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opportunity. Oxidation technology for the destruction of VAM has matured through the 
success of long-term, full-scale demonstration and commercial projects implemented in 
Australia, USA, China and with a demonstration project in the UK. As estimated by Somers 
& Burklin (2012), the world market for VAM destruction technologies has a potential value in 
carbon credits of several billion dollars. However, as the focus has moved away from climate 
change to international financial stability, the lack of medium term clarity for the carbon 
market means that these technologies are not being implemented as quickly as the 
opportunity deserves. The recent downward trend in the overall carbon credit price is shown 
in Figure 3 (see project Deliverable 1.3 ‘Economics of low carbon mining’ for a detailed 
description of the carbon credit markets). In response, there are measures that 
Governments and organisations can take to boost the VAM destruction market including 
financial incentives, and regulatory and market based programmes. In Spain, for example, 
the Law 2/2011 created the Carbon Fund for a sustainable economy in which the 
Government can acquire carbon credits tied to projects or emission reduction initiatives.  

 

Figure 3 Price of one tonne CO2eq 2010-2013 

Note: Prices are spot prices as compiled by Point Carbon based on exchange-traded and OTC transactions. EUA 
= European Union Allowance, CER = Certified Emissions Reduction, CCA = California Carbon Allowance. 

(Source: http://www.aph.gov.au at 24.12.13) 

Despite this Spanish government intervention, VAM oxidation technology does not currently 
exist in Spanish coal mines and investment is unlikely as all non-competitive colliery 
production units will have to cease activity prior to 31th of December 2018 according to a 
European Council Decision 2010/787/EU. It is expected that practically all collieries will be 
closed. Nevertheless, in the course of this project the HUNOSA mines and facilities in 
Asturias, Spain have provided the basis for a technical and economic study of the potential 
installation of a reactor for the treatment of VAM, the outcomes of which provide the basis for 
some of this report.  

http://www.aph.gov.au/
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All this demonstrates that the key factor limiting more widespread application of VAM 
destruction technology is the lack of economic market or regulatory drivers for VAM 
destruction. The primary drivers for the current VAM projects have been the carbon markets 
for the reduction of GHG emissions under the UN Framework Convention on Climate 
Change (UNFCCC) and other voluntary initiatives. To provide a perspective of the estimated 
place of coal mining in overall GHG release, Figure 4 displays data compiled by the Global 
Methane Initiative of anthropogenic emissions. 

 

Figure 4 Estimated global anthropogenic methane emissions by source 

(Source: Global Methane Initiative) 

The environmental, social and political background to this project thus provides a powerful 
rationale for the work relating both to electrical efficiency and management and methane 
emissions, but is not hugely promising for uptake in a declining European industry, 
especially where subsidy is required.  The global market is, however, potentially huge and 
major coal-producing countries such as China and Australia have a keen interest in 
‘cleaning’ their industries.     
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4. Review of low carbon mining technologies 
 

This section describes the techno-economic considerations of two major LOWCARB 
concepts that can provide fairly straightforward investment decisions that commence from a 
situation of having no ventilation air methane (VAM) treatment at a mine, the flow reversal 
reactor for the mitigation of VAM and a tri-generation system that takes this forward to 
energy exploitation. Certain existing or predicted criteria emerge as being necessary to 
proceed, such as methane concentrations or carbon credit values.  Much description of the 
technologies has been provided in earlier LOWCARB project deliverable reports and is 
developed here, followed with an economic assessment. 

4.1 Flow reversal reactor  

4.1.1 Baseline methane emission measurements 
The existing flow reversal reactor (FRR) products have been reviewed in some detail within 
the project Deliverable 3.1 ‘Report on ventilation air methane utilisation technologies’. For 
the LOWCARB project, this body of knowledge was used as the basis to develop a design 
concept, taking the HUNOSA collieries for a potential site. These are located in Asturias, in 
the north of Spain, including Montsacro, Santiago, Carrio, Sotón and María Luisa for 
baseline methane measurements. Figure 5 shows the coal production during 2011 from 
these sites. 

 
Figure 5 HUNOSA mines coal production 2011 

For national data returns that eventually feed to the IPCC, Spain uses a Tier 2 approach, i.e. 
coal production and an estimated emission factor, which for Asturias is 7 m3 CH4/ton of coal. 
However, much more accurate and detailed information is needed for this application. 

While ventilation air flow typically does not vary greatly, as it is a function of the size and capacity 
of the ventilation fan with minor adjustment for air pressure and temperature, the methane 
concentration can vary significantly with changes in daily coal production and changes in coal 
seam properties.  For the potential application of a methane oxidizer, predicting ventilation air 
methane (VAM) variability is important for two reasons: firstly, if the methane concentration 
falls below 0.2% for any length of time, the VAM oxidizer cannot operate without 
supplemental fuel; secondly, if the methane concentration rises significantly above 1.0% for 
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any length of time, the VAM oxidizer may overheat and suffer thermal damage. For an actual 
installation project, a minimum of 3-6 months of weekly data must be analysed as part of the 
VAM assessment, although 12 months or more are preferred. 

HUNOSA mines acquired a methanometer to measure methane in ventilation fans. The 
equipment measures the barometric pressure, temperature, and methane concentration in a 
range from 0 to 1.5% with an accuracy of 100 ppm. In the event, the VAM sampling was 
carried out over one month only due to operator availability and the need to make progress, 
in the knowledge that funds for an actual installation would not be available at this time. 
Samples were taken at the ventilation fans of the five collieries, Montsacro, Santiago, Carrio, 
Sotón and Maria Luísa.  

 

 

 

 

Figure 6 Images of the methanometer in use at Maria Luisa mine 



14 
 

The following figures show graphs with some of the measurements taken; methane 
emissions and atmospheric pressure versus time and methane emissions versus coal 
production. 

 

 

Figure 7 Carrio shaft - CH4 emissions & atmospheric pressure vs time 

 

 

Figure 8 Carrio shaft - CH4 emissions vs coal production 
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Figure 9 Santiago shaft - CH4 emissions & atmospheric pressure vs time 

 

 

 

Figure 10 Santiago shaft - CH4 emissions vs coal production 
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Figure 11 Maria Luisa shaft - CH4 emissions & atmospheric pressure vs time 

The apparent inverse relationship between methane emission and atmospheric pressure at 
the gassier Maria Luisa mine provides an interesting result in itself. 

The following Table 1 shows the average values of different parameters measured in the 
ventilation air exhaust; 

Table 1 Measurements of VAM in the HUNOSA mines 

Mine 

Ventilation 
exhaust – 

Air flushed 
(m3/s) 

Methane 
concentration 

(%) 
m3 CH4 /s m3 CH4 /year t CH4 /year t CO2 eq 

/year 

Montsacro 85,45 0,058 0,049 1.559.722 1.045 19.072 

Santiago 74,00 0,090 0,067 2.108.618 1.413 25.783 

Carrio 58,00 0,115 0,067 2.107.937 1.412 25.775 

Sotón 70,25 0,107 0,075 2.371.180 1.589 28.994 

María Luisa 77,70 0,377 0,293 9.231.928 6.189 112.883 

 

The chart below (Figure 12) shows these measured methane concentrations graphically. As 
may be observed, these measured values are substantially more than the ratio of emission 
at 7 m3 CH4/ton of coal, which is the value accepted for the greenhouse gas (GHG) National 
Inventory in Spain.  This kind of anomaly, which may apply to many countries, was 
considered in the project Deliverable 2.1 ‘Report on methane emission from active and 
inactive coal mines in the EU area’.  Apart from possible substantial global under-reporting, 
this could be an issue for the application of carbon credits, critical in financing oxidation 
schemes. 

From these methane concentrations, only the Maria Luisa shaft would be suitable for a VAM 
oxidation facility with some assurance of technical success, being dependent upon financial 
credits as the concentration is not sufficient for significant energy utilisation (as described in 
section 4.2 below).  This site was therefore selected for a calculation of profitability based 
upon a FRR design. 
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Figure 12 VAM emissions measurements cf. Spanish national inventory returns 

 

It had been hoped to progress the design work to a working installation, but this would have 
required considerably greater finance than that available to the LOWCARB project. Spanish 
Law 2/2011 had created a Carbon Fund for a sustainable economy (FES-CO2) in which the 
Government can acquire carbon credits tied to projects or emission reduction initiatives. 
Taking advantage of the FES-CO2 call, HUNOSA, AITEMIN and the University of Oviedo 
presented a VAM project based in Maria Luisa colliery. The execution of this project was 
approved by the Spanish Ministry of Agriculture, Food and Environment but with one 
condition; the Ministry only could finance a total of 67,934 t CO2 eq during a period of four 
years (2013-2016), which accounts for 16,984 t CO2 eq per year. Considering a ventilation 
exhaust stream of 12 m3/year (taking into account the methane concentration, 0.377 (%)), 
estimated at 20,061 tons of CO2eq/956 t of CH4 per year), the Spanish Office of Climate 
Change established a price of 7.1 €/t CO2, that represents 142,432 €/per year. At present, 
the funding total remains insufficient to progress. 

 

4.1.2 Flow reversal reactor design 

4.1.2.1 Basic design considerations 
Arising from the expertise in the chemical engineering department at the University of 
Oviedo and part of the consequent specification of the LOWCARB project, consideration had 
been given to the catalytic flow-reversal reactor (CFRR), for which a considerable amount of 
analysis and experimental work is described in earlier project reports. However, although 
offering a number of advantages, this technology is currently not viable due to the high 
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prices of the catalysts. Table 2 shows an approximate price of the CFRR facilities, without 
taking into account tubes, valves, connections, etc. 

Table 2 Estimated basic costs of beds for a catalytic reactor 

 Dimension (m) Price ($/m3) Total ($) 

Catalytic bed (x1) 3.5 x 3.5 x 0.7 50,000 428,750 

Inert (x 2) 3.5 x 3.5 x 0.55 1,500 20,213 

TOTAL 448,963 

 

The detailed design work for this report has therefore been directed to the thermal flow 
reversal reactor (TFRR), which is a technology known to be viable where VAM 
concentrations and carbon credit rates are favourable.  A TFRR, though usually based on a 
standard design, must be customised for a particular installation, due to differences in the 
concentration of methane. Methane loading in the flow must be considered, as must the 
flow-rates and the presence of other compounds (especially water) that might affect the 
reactor performance. The methane concentration dictates the thickness of the ceramic bed; 
lower concentrations requiring a thicker bed in order to store the additional heat needed to 
maintain the reaction at low concentrations. The process fan, which draws gas from the mine 
fan evassée, must also be increased in size as the bed is made thicker in order to overcome 
the additional resistance to the flow of air through the unit. 

Reactor size will depend upon the flow rate, but there are limitations on the size. Larger 
sizes can affect the performance and there are reference indicators as to how large the 
reactor can be without compromising its performance. This is due to the fact that, at larger 
sizes, the flow of VAM leaves areas of the oxidation zone (i.e. the corners) un-utilised. For 
this reason (and probably also to permit the manufacture of standard units) it is common 
practice to produce a single size of TFRR and to use these units in multiple arrays where the 
VAM flow rate is greater than that which can be accommodated by a single unit. Megtec, for 
example, produces the VOCSIDIZER™ in a single size which was initially designed for 
industrial applications. For VAM abatement, these can be used in pairs called twin units 
which, in turn, can be stacked vertically to form so-called VAM cubes, that are served by a 
pair of fans and which have a combined capacity of 250,000 m3/h. 

The following Figures show the TFRR design, a thermally insulated steel chamber in which 
various sections are distinguished, as shown in the plan and elevation views in the drawings 
below. The measurements shown do not include the thickness of thermal insulation or the 
metallic casing itself, the dimensions being calculated for the working gas flow. There is an 
area for gas distribution in the inlet and outlet (A), two beds of heat exchange material (B), 
and a combustion chamber in the central area (C). 
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Figure 13 TFRR plan view 1 (mm)  

 

 

Figure 14 TFRR plan view 2 (mm) 

 

 

A A B B 

C 
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Figure 15 TFRR elevation view 1 (mm) 

 

 

Figure 16 TFRR elevation view 2 (mm) 

 

The TFRR design must take into account the maximum VAM concentration to be 
encountered as the consequent higher level of heat storage will be detrimental to the life of 
the ceramic material that constitutes the bed. In addition, there is also an installation-
specific, safety-related maximum methane concentration and safeguards must be put in 
place to prevent any exceptionally high concentrations from entering the reactor. 

4.1.2.2 Distribution of the gas flow 
The zones of distribution of the gas stream (A) have polygonal form with dimensions 2.5 
m x 3.75 m, and 3.75 m in height. There are deflectors to achieve a uniform distribution 
of the flow. In these areas the temperatures will be almost room temperature, so the 
ceramic material and the insulation need not fulfill requirements as extreme as the 
material for the combustion chamber. 
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Connections: 

• Flanged connections DN 800, placed in both extremes of the oxidizer (by the inlet 

of gas flow). 

• Flanged connection DN 300, placed in the reactor inlet. 

 

4.1.2.3 Heat exchanger media 
Cordierite has been selected as the material with which to build the beds of the heat 
exchanger. This is a magnesium iron aluminum cyclosilicate, with thermal shock 
resistance, which means that no crack or breakage is caused by thermal stress 
originated by a large temperature difference which occurs in the material subjected to the 
temperature change. 

For the bed design, a cordierite bricks ‘honeycomb’ is proposed. These bricks have a 
high thermal resistance (maximum 1300 ºC) and thermal shock resistance (500 K). The 
specifications of the material include a density of 2,400 kg/m3, a caloric capacity of 1,000 
J/kgK and a thermal conductivity of 2 W/mK. 

The ‘honeycomb’ bricks have parallel channels with a diameter of 3 mm, a thickness of 
wall of 0.7 mm, 65 % of porosity and specific surface of 800 m2/m3. The standard block 
dimensions are 150 mm x 150 mm x 300 mm, and 3750 blocks are necessary to build 
the bed. 

 

Figure 17 'Honeycomb' bricks 

The dimension of each bed will be 3.75 m x 3.75 m x 0.9 m and it will be built with 25 x 25 x 
3 (height x thickness x length) standard blocks of cordierite. 

 

4.1.2.4 Combustion chamber 
The combustion chamber is a space with dimensions 3.75 m x 3.75 m x 2 m, placed 
between two beds made with inert material. 

The chamber will reach temperatures close to 900ºC, hence the walls, roof and floor must be 
made with refractory material with capacity to support this temperature. 
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The insulation of the two side walls, roof and floor must have sufficient thickness and 
properties, to reduce the heat loss to a maximum of 10% (200 kW). 

 

 

Figure 18 Combustion chamber wall 

Walls:  

• Refractory bricks, thickness 115 mm.  
• Dense bricks quality 40/42% Al2O3.  
• Biosoluble ceramic fibre (insulation layer); thickness 19 mm, density 128 

kg/m3  
• Insulating panel of calcium silicate; thickness 100 mm.  
• Anchors to connect bricks into wall.  

Floor:  

• Refractory bricks, thickness 115 mm.  
• Dense bricks quality 40/42% Al2O3.  
• Insulating panel of calcium silicate; thickness 100 mm.  

Roof:  

• Prefabricated modules of ceramic fibre over-compressed. Density 160 kg/m3, 

T 1260 ºC, thickness 250 mm, with anchors type stackbonds. 
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Ceramic Fibre Gas Flow 
velocity  

Insulating blanket  12 m/s  

 

Modules  24 m/s  

 

Insulating panels  --  

 
 

Figure 19 Insulating materials & gas flow velocity 

 

4.1.2.5 Connections 

• Flanged connections DN 600, placed in the centre of the chamber. 

• Auxiliary flanged connection DN 50, placed in the centre of the reactor for fuel 

feed. 

4.1.2.6 Cost of construction and energy available 
Taking into account the materials requirements described above, the price for the 
engineering, manufacture, supply and installation of one TFRR reactor unit is estimated to 
be €250,000 ± 10%. 
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The chart below shows the heat energy recovery in a TFRR against VAM concentration. 
This relates to the consideration of energy exploitation that follows in section 4.2. 

 

Figure 20 Heat recovery from TFRR oxidation chamber vs VAM concentration 

 

4.1.3 Flow reversal reactor economics 
 

For the great majority of mines where VAM concentrations are insufficient for electricity 
generation, the critical financial enabler of methane oxidation for greenhouse gas mitigation 
is the sale of carbon credits.  The EUA price at the time of writing is €4.59 per tonne CO2eq, 
having been around €20 in 2008. As shown in Figure 2 earlier in this report, carbon credit 
prices had been continuing their fall to a very low level over the three years prior to this 
report, which explains the virtual cessation of activity in VAM oxidation installations after 
progress in the early years of the century in the USA, Australia, China and a demonstration 
unit in the UK. As well as economic fundamentals, there may be a political element to this 
also, as stagnating developed economies become aware that they will be channelling money 
to Asian regions that are in strong economic growth through some of the schemes in place.   

The following cases are based on the Spanish partners’ joint working and consider a single 
TFRR installed at the Maria Luisa mine to run on part of the ventilation air flow.  

CASE 1 Project life 4 years; 67,934 tonnesCO2eq 

This case considers the tonnes of CO2eq that the Spanish Office of Climate Change could 
credit to Maria Luisa colliery over four years; a total of 67,934 t CO2eq. The price was 
established at 7.1 euro. Based upon the design work in Section 4, the following figures show 
the cost of the investment, the operational costs during the life of the project, and the total 
cost.  
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Investment (TFRR) (Euros) 250,000 

 

Operations 
cost/Year 1º 2º 3º 4º TOTAL 

TOTAL 160,000 75,560 35,000 35,000 30,5560 

 

Total cost of the project  555,560 Euros 

 

 

 

 

 
t CH4 t CO2 eq Euro 

2013  809 16,984 120,583 

2014  809 16,984 120,583 

2015 809 16,984 120,583 

2016 809 16,984 120,583 

Total 3,235 67,934 482,331 

 

To calculate the net present value (NPV) and the internal rate of return (IRR), the value 
taken for the average cost of capital (WACC) was 4%. 

 

r=4% year 0 year 1 year 2 year 3 year 4 

CASH FLOW - 250,000.00 -39,417.22 45,022.78 85,582.78 85,582.78 

 

NPV -93,304 € 

IRR -9 % 

 

As may be seen, the results are negative, therefore the investment is not justified on this 
scenario. The investment would only be profitable with a price per tonne of CO2eq higher 
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than 9 euro. The following assessments show some prices reached for the emission rights 
from 2008 until 2013 and the net present value for this installation with these prices. The 
difference between estimated cost and benefits of the installation in the first quarter of 2008 
and the end of the year or following years is considerable, due to the variations in the prices. 

 

Year EUA (spot) Euro NPV (Euro) 

2008 30 1,264,144 

2008 25 967,758 

2008 20 671,372 

2009-2010-2011 15 374,986 

2009-2010-2011 10 78,600 

2008-2011 8 -39,954 

2011 7,1 -93,304 

2012 2,1 -389,690 

2013 4,59 -242,089 
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Although the Spanish Office of Climate Change could only acquire a total of 67,934 t CO2eq 
over four years with the TFRR reactor proposed, by assuming a performance of 95% and 
flow of 12 m3/s, it is possible to obtain the following results: 

 

 

Performance t CH4 T CO2 eq Euro 

2013 95 % 908 19,058 135,310 

2014 95 % 908 19,058 135,310 

2015 95 % 908 19,058 135,310 

2016 95 % 908 19,058 135,310 

Total   3,630 76,231 541,239 

 

Considering the same cash flow and the value of the average cost of capital (WACC) 4%, 
the net present value (NPV) and the internal rate of return (IRR) were as follows: 

 

NPV -41.903 € 

IRR -2 % 

 

As this study showed negative financial returns, HUNOSA decided to leave the project. 

 

Case 2 Project life 6 years; 114,346 tonnesCO2eq 

 

This case considers the tons of CO2eq that the TFRR reactor, working with a flow of 12 m3/s, 
could deal with over six years. This was a significant timescale at the time of writing, as 
Spanish mining activity is scheduled to finish in 2018 (arising from EU Council Decision 
2010/787/EU). A constant price (7.1 euro) for the emissions rights has been used over the 
lifetime of the project. The investment, operational cost and the reactor performance are all 
the same as in case 1. 

 

 

 

 



28 
 

Investment (TFRR) (Euros) 250,000 

 

Operations 
cost/Year 2013 2014 2015 2016 2017 2018 TOTAL 

TOTAL 160,000 75,560 35,000 35,000 35,000 35,000 30,5560 

 

Total cost of the project  625,560 Euros 

 

 

Year Reactor 
Performance t CH4 CO2 eq Euros 

2013 95% 907.51 19,057.69 135,309.63 

2014 95% 907.51 19,057.69 135,309.63 

2015 95% 907.51 19,057.69 135,309.63 

2016 95% 907.51 19,057.69 135,309.63 

2017 95% 907.51 19,057.69 135,309.63 

2018 95% 907.51 19,057.69 135,309.63 

Total 
 

5,445.06 114,346.16 811,857.75 

 

To calculate the net present value (NPV) and the internal rate of return (IRR), the value 
used for the average cost of capital (WACC) was again 4%. 

R=4% year 0 2013 2014 2015 and followings 
(until 2018) 

CASH FLOW (euro) - 250,000 -24,690 59,750 100,310 

 

NPV 113,600 € 

IRR 14 % 
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Table 3 NPV for a 6 year TFRR project using different carbon subsidy (EUA) values 

Year EUA (spot) Euro NPV 

2008 30 2,313,389 € 

2008 25 1,833,085 € 

2008 20 1,352,782 € 

2009-2010-2011 15 872,479 € 

2009-2010-2011 10 392,176 € 

2008-2011 8 200,055 € 

2011 7.1 113,600 € 

2012 2.1 -366,703 € 

2013 4.59 -127,512 € 

 

This time the results are positive, with a NPV of 113,600 € and an IRR of 14%. With a price 
per tonne CO2eq higher than 5.92 euro, the NPV becomes positive. However, the 
investment is not profitable when the value of the emissions rights in 2013 (4,59 euro) is 
used.  

 

 

Figure 21 NPV for a 6 year project using different values of carbon subsidy 
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4.2 Co- and tri-generation technology using available heat energy 

4.2.1 Technical review 
Generation of heat from VAM using thermal flow reversal reactors is a proven technology, 
albeit largely used for greenhouse gas mitigation rather than it providing a viable energy 
source. Cogeneration of heat and electricity using superheated steam from an array of 
TFRRs to a steam turbine generator is a design offering within the industry if VAM 
concentration is high enough to carry sufficient energy beyond that required to sustain the 
oxidation reaction, although it is only believed to have been operational for any time at a site 
in Australia.  

Figure 22 shows the percentage of heat energy recoverable in a flow reversal reaction. 
Reactor designs have differing bed characteristics and hence critical VAM concentrations for 
heat by-pass to become necessary, but for this exercise it is assumed that the TFRR 
requires a minimum of 0.45% VAM for energy to become available for consequent use in 
electricity generation.  This chart also shows the unsuitability of the catalytic reactor for co-
generation, with such reactors working at much lower temperatures with energy trapped in 
the catalytic process rather than being released.  

Considerable interaction with industry* has taken place within the project in order to assess 
the practicalities of achieving tri-generation of heat, electricity and, via absorption chillers, 
cooling.  This seems to be possible where the mine layout is suitable and VAM concentration 
is sufficiently high. A schematic diagram of a likely tri-generation system is shown in Figure 
23.  This concept uses a hood to capture the ventilation air, for which eighty per cent capture 
is considered viable without sophisticated and hence expensive control and safety devices.  

(*notably HEL-East Ltd, a UK-based specialist clean energy company) 

 

Figure 22 Percentage of heat recoverable at different VAM concentrations 
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Figure 23 Representation of a tri-generation system at an underground coal mine 

 

This system aims to achieve a reasonably closed system of steam to various pressures 
feeding either a steam turbine to generate electricity, radiator-style air heaters at the 
downcast shaft in winter or absorption chillers in summer.  Some constraints are VAM 
concentration to provide sufficient energy to maintain the system, the appropriateness of 
inputs (pressures, temperatures) to the various component devices and the proximity of 
shafts to keep runs of insulated, pressure-resilient pipework as short as possible. Mines in 
the UK, now very few in number, have a two-shaft structure with a short distance between 
downcast and upcast that would facilitate this linkage but mines in some other countries may 
have downcast air from a number of points that can be separated by considerable distance 
from the upcast air and hence oxidation point.  

Following the process illustrated in Figure 23 above: 

Capture Hood - While complete capture of upcast ventilation air for methane oxidation is 
possible, a hood to collect 80% is the maximum reasonable component without an excessive 
requirement for safety-related controls. It is considered straightforward to capture up to 50% 
of the stream; 80% requires careful design; while 100% would be very difficult and require 
active controls (with costs rising from £20K to £100K), although a design is known to have 
been produced, based upon McElroy mine, West Virginia, USA. A ventilation air flow of 
720,000 m3/hour, typical of a large mine, with VAM averaging 0.5% provides 3,600m3 CH4 
per hour (2.42 tonnes), a potential of 38MWh of energy (from 39MJ/m3 for methane). 80% 
capture would thus bring across around 30MWh of potential energy in an hour (remarkably 
around 260GWh per year, to be compared with an overall mine electricity demand of around 
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70GWh per year, although application would involve a huge loss in sustaining the reaction 
and a series of low conversion efficiencies and heat leakages). 

Duct to TFRR array - The distance from the hood to the TFRR is governed by pressure drop, 
duct diameter and primarily the safety system. A good quality modern laser methane 
detector takes 1 second to respond to a methane cloud greater than 1.5% concentration and 
the isolation damper to cut out the flow to the reactors takes 3 seconds, so 5 seconds is a 
reasonable minimum safety interval. Depending upon the flow rate, this dictates the length of 
duct. In reality, such a cloud should have already been detected further back in the mine. 

TFRR array – The best VAM concentration range for practical TFRR operation is 0.18% - 
1.0%, a minimum that excludes around 80% of the world’s underground coal mines. 0.16% - 
1.2% is achievable but below 0.16% provides insufficient energy while above 1.2% risks 
burning holes in the reactor walls. A thermal imaging camera may be employed to monitor 
‘hot spots’ while implementing the unit. The heat-retaining ceramic medium requires a 
suitable hole number and diameter to maximise surface contact area with the gases passing 
through while not being so small as to clog with dusts. TFRR design must be customised to 
the gas stream of the particular mine, for example a system designed to operate on 0.2% 
VAM might require to open a hot gas by-pass valve at, say, 0.35% to shortcut very hot air 
directly to the stack. As explained above, to achieve stable reaction while also providing 
sufficient heat energy to drive subsequent systems a minimum of 0.45% VAM is required. 
This range of 0.45% - 1.0% reduces the number of potential mines dramatically. A well-
designed and constructed TFRR should perform at around 95% efficiency in oxidising the 
CH4, but with a parasitic load from the fan (e.g. in the order of 120kW) that draws the air 
through the system. This fan power vs ceramic heat-retaining bed size is one of the critical 
design constraints. 

Notwithstanding the important design work for this project by Spanish partners described 
earlier in this report, at present there are essentially four commercially available systems 
with enough development and trials behind them to be considered as purchase options:   

1) The MEGTEC VOCSIDIZER   

2) The Biothermica VAMOX 

3) The SHENGDONG VAM Oxidiser 

4) The HEL-East demonstration unit. 
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Figure 24 The HEL-East unit at Hatfield colliery UK 

 

In order to mitigate 80% of a typical flow of 200m3/s and to make use of the heat generated 
in the combustion it would be necessary to operate around twelve of the MEGTEC 
VOCSIDIZER® units. These are considered efficient in heat capture, but have a cost 
premium due to a level of sophistication.  

In the case of the larger Biothermica VAMOX® units there would be fewer required for the 
above scenario. However, with very large beds it is more difficult to distribute the heat evenly 
and, for this reason, other designers keep the canister cross-section smaller to ensure near-
total oxidation despite a cost penalty in having multiple units.  

The HEL-East device would require around seven units for a large mine and has been 
developed later.  

These unit numbers should be slightly augmented to provide redundancy to cope, for 
example, with maintenance or repair.   

The tubing connections for the mine ventilation and the piping connections for the collection 
and movement of heat can be imagined at this point as cumbersome.  Various problems 
arise such as the ensuing changes in ventilation pressure that must be addressed.  The 
pressure and heat losses over distances of piping and the valves involved in such a complex 
network would also involve significant cost.   

HRSG and steam turbine - The next stage in the system is a heat recovery steam generator 
(HRSG) to capture the thermal energy in usable form. This is a mature technology, 
comprising a modular system of economizer, evaporator, super-heater and water pre-heater, 
often used with gas turbines in a combined cycle electricity generation process. The HRSG 

http://en.wikipedia.org/wiki/Economizer
http://en.wikipedia.org/wiki/Evaporator
http://en.wikipedia.org/wiki/Superheater


34 
 

differs from the conventional steam generator fired directly, for example from coal, in that the 
inlet temperature is lower (480oC – 560oC) and there is a higher gas/steam ratio.  This is not 
a straightforward technology purchase as flows, pinch and approach points and surface 
exposures should be carefully modelled to the intended use to create the modular design. 
High pressure steam, e.g. 22,000kg/hour; 3500C; 21bar, drives a steam turbine that turns an 
electricity generator. The steam turbine is, of course, very mature technology. 

  

Figure 25 Heat recovery steam generator in use and diagrammatic section 

(Source www.cmigroupe.com) 

The extension to air heaters in winter, often to prevent pipes from freezing, or absorption 
chillers to create ice-water for hot face conditions or perhaps off-site sale (generating cooling 
power from heat input) using the low pressure steam from the back of the HRSG/turbine is 
not believed to be in use anywhere but might offer an tri-generation option where shaft 
proximity enables insulated steam pipes at a tolerable length for cost and heat retention. 
This part of the system should be possible directly from the TFRR for slightly lower VAM 
concentrations without the electricity component if deep mining or winter temperatures 
require cooling or heating.   

A 500 ton (1.76MW output) absorption chiller with a typical coefficient of performance (COP) 
of 0.7 would require around 4,100kg/hour of low pressure steam at around 1150C to input 
1.76 / 0.7 = 2.51 MWh of heat energy in an hour.  With 22,000kg/hour high pressure steam 
entering the HRSG, this should be well within the capability. 

 

Figure 26 Absorption chiller 

(Source: www.brighthubengineering.com) 
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Figure 27 Absorption chiller circuit 

It may be noted that a mine will not go to the expense of applying cooling unless it is 
essential for safety reasons. Where air must be chilled for the health of the miners, the cost 
of failure to chill is the closure of the mine and hence, when evaluating the economics the 
least damaging cost is that of achieving chilling. Conversely, if a mine does not require 
chilled air for miner health, there will be no chilling as there is no other reason for it. Thus the 
cost/benefit model is only relevant for the few mines that do need chilled air.  

Applying the general process described above to a theoretical large underground coal mine 
that expels 200m3/second of ventilation air containing a fairly consistent 0.5% methane, it is 
estimated that a customised range of TFRRs could generate sufficient heat to produce a 
continuous 4MW of electrical power from the steam turbine. Heat energy would be retained 
in the lower pressure steam in the subsequent stage, if deep mining and climatic conditions 
at the site require it, to drive an absorption chiller of at least 1.76MW value of cooling at the 
downcast shaft or a greater heating impact when required in winter.  

 

4.2.2 Co- and Tri-generation economics 
 

For this section, a figure has been taken of €500,000 annual saving in purchased electricity 
costs from the continuous provision of 1MW of electrical power (i.e. 8760MWh in a year), 
scaled to match any estimated outputs. This was based initially upon a statement from the 
project partner CM Velenje that €100,000 may be saved from 1,818MWh (8760/1818 x 
€100,000 = €481,848). As Velenje mine may receive slightly cheaper electricity than normal 
from the adjacent power station, this was checked against websites such as energywatch-
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inc.com for industrial electricity (41,000MWh cost $3,200,000, which converts at $1:€0.74 to 
€505,365 for 8760MWh). As a generalised estimate, this seems to apply fairly consistently.   

The following is based upon a speculative scenario of 720,000 m3/hour of ventilation air 
carrying 0.5% methane, generating 4MW of electricity.   

• The hood to trap eighty per cent of the ventilation air (576,000 m3/hour), suspended 
and hence not being directly sealed to the upcast shaft in order to maintain a safety 
expansion zone, is estimated to cost around €24,000.  

• For an array of seven TFRRs, each capable of dealing with 100,000 m3/hour of 
ventilation air with some redundancy, the bought-in with installation cost is likely to be 
€660,000 each, or €4.62m in all. 

• A heat recovery steam generator (HRSG) customised for the application costs 
around €1.68m and a suitable steam turbine €1.44m. 

• Associated insulated ductwork and valve connections for the overall system, capable 
of withstanding high pressures in part, is estimated at €180,000. 

• A further €2m - €4m will be needed for a variety of project-related administrative 
costs, e.g. legal requirements. 

(N.B. If the site is in China, as is likely for these VAM concentrations, it may be possible to 
use local manufacture for some of the components. This would reduce costs, for example, 
bringing a TFRR unit down from £550,000 to £350,000 (€420,000). The following is based 
on the developed economy prices above)  

FINANCIAL INPUTS – VAM TO ELECTRICITY 

Total capital expenditure for VAM to electricity system (from above estimates): 

€10,000,000 

(This assumes that installation costs are included in the costs quoted) 

 

Maintenance (2 permanent employees plus contractor visits and replacement components) 

€300,000 per annum 

 

Running six TFRR fans concurrently (6 x 120kW = 0.72MW)                                                           
– taken from the generated power 

Annual savings (4 – 0.72)MW x €500,000 = €1,640,000 per year  

 

Discount rate variable                                                                                                                                

 

Assume depreciation to zero value after ten or fifteen years, although the likelihood is for 
ongoing use with refurbishment, resale of some components or scrap value. 
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N.B. While this assessment has been made purely on a financial basis and it is likely that the 
investment would be made on this basis at the site by a separate energy company, there 
may be other imperatives for the mining company such as security of electricity supply in the 
country of operation (e.g. Eskom in South Africa has scaled down supply to mines at times 
of peak demand) 

Further consideration may be given to the sale of carbon credits for the methane mitigation, 
especially in far eastern countries such as China. The supposed mine with 720,000m3/hour 
of ventilation air at 0.5% methane, assuming continuous working, emits 3,600m3/hour CH4. 
Eighty per cent is captured for oxidation, i.e. 2,880 m3/hour CH4 or 25,228,800m3/year CH4.  
Using the conversion factor of 0.000672, this equates to 16,954 tonnes CH4 in a year, which 
at a factor of 21 gives 356,029 tonnesCO2eq, providing the basis for income from credits.  
As may be seen in the chart in Figure 3 in Section 3 above (converting from $AU to €), 
between 2010 and 2013 the value of EUA carbon credits has fallen from around €13 to 
about €3.3.  Such a variation makes a huge difference to financial projections and hence 
risk.   

Down-shaft, facilities or off-site heating, e.g. by radiators, and/or cooling by purchase of 
absorption chillers may then be added at suitable sites.  

Downcast heating may replace the use of fuel such as propane, used to prevent pipes 
freezing.  Two fairly large propane heaters might consume 12kg/hour of propane, costing 
€15 per hour at bulk purchase, or about €43,000 for continuous heating over four winter 
months. 

A 500 tons (measure of cooling power; 500t = 1,758kWth) vapour compression (traditional) 
chiller might typically run at 0.65kW / ton. 500 tons of cooling would therefore require 
325kW. Using this continually for four months of the year requires 936,000kWh.  Using the 
earlier ratio of 1MW continually or 8760MWh in a year costing €500,000, this gives around 
€55,000 per year saving for this cooling provision. There is a small electricity draw from an 
absorption chiller, but as this is between 2%-9% of that taken by a mechanical chiller it has 
been ignored here.  An absorption chiller typically runs at a lower coefficient of performance 
(COP) than a vapour compression machine, but as the low pressure steam coming off the 
back of the turbine is plentiful, such a replacement would offer this annual saving.  The 
larger the machine, the lower the relative purchase and installation cost. A 500 tons 
absorption chiller is likely to cost around €140,000.  

For the financial estimations, a further €40,000 has been added to cover shaft collar 
radiators for the air heating periods and some associated insulated pipework, valves, etc., 
giving a total capital investment of €180,000 to install the heating and cooling components of 
the tri-generation system.  

These numbers have been entered into a spreadsheet to assess the net present value 
(NPV) for various rates of discount, carbon credits and electricity price increase.  While ten 
years is probably the absolute maximum for external investors, NPV values over fifteen 
years are also shown as value increases rapidly with simple robust equipment with some 
refurbishment. Should a mining company invest itself, aware of the lifetime and methane 
values in the future, this might be realised.  Many combinations of the variables are possible. 
Some outcomes are shown below: 
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Case 1  Electricity from VAM     No carbon credits   No tri-generation 

Repair & maintenance increases 2%pa 

Capital expenditure 
year 0 = €10,000,000 

Discount rate 5% Discount rate 7.5% Discount rate 10% 

Electricity price 
increase per year: 

Net Present Value €s 

2% 10 years 2,804,863 
15 years 7,405,108 

10 years 1,492,871 
15 years 4,887,280 

10 years 395,475 
15 years 2,920,381 

3% 10 years 3,549,679 
15 years 8,908,253 

10 years 2,127,861 
15 years 6,079,661 

10 years 940,675  
15 years 3,878,627 

4% 10 years 4,338,275 
15 years 10,549,829 

10 years 2,799,216 
15 years 7,377,696 

10 years 1,515,273  
15 years 4,918,411 

NOTES: For this basic costing of the TFRR array with electricity generation, it may be seen that, for 
an investment of €10m, no scenario, even with electricity prices going up by an average 4% a year, 
provides an attractive return.  
 

 

 

 

Case 2  Electricity from VAM     Selling carbon credits   No tri-generation 

Repair & maintenance increases 2%pa   Electricity price increase 2%pa 

Capital expenditure 
year 0 = €10,000,000 

Discount rate 5% Discount rate 7.5% Discount rate 10% 

Carbon credit price 
per tCO2eq: 

Net Present Value €s 

€1 10 years 5,910,053 
15 years 11,456,597 

10 years 4,292,712 
15 years 8,386,020 

10 years 2,939,148 
15 years 5,984,395 

€3 10 years 12,120,435 
15 years 19,559,573 

10 years 9,892,394 
15 years 15,383,499 

10 years 8,026,494 
15 years 12,112,422 

€4 10 years 15,225,625 
15 years 23,611,061 

10 years 12,692,235 
15 years 18,882,239 

10 years 10,570,167 
15 years 15,176,436 

NOTES: It may be seen that with the current low levels of carbon credits, the investment still does not 
look attractive, although more so than with simply the TFRRs selling credits (~€5m Capex at €4 per 
credit gives ~€7.4m NPV).  Effectively, the extra investment in the electricity system covers the basic 
capital cost and will start to release the credits as profit above €4. 
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Case 3  Electricity from VAM with tri-generation     No carbon credits    

Repair & maintenance increases 2%pa    Propane price increases by 1.5%pa 

Capital expenditure 
year 0 = €8,124,000 

Discount rate 5% Discount rate 7.5% Discount rate 10% 

Electricity price 
increase per year: 

Net Present Value €s 

2% 10 years 3,540,019 
15 years 8,455,978 

10 years 2,135,200  
15 years 5,762,619 

10 years 960,102 
15 years 3,658,370 

3% 10 years 4,284,835 
15 years 9,959,122 

10 years 2,770,189  
15 years 6,955,001 

10 years 1,505,301 
15 years 4,616,616 

4% 10 years 5,073,431 
15 years 11,600,699 

10 years 3,441,544  
15 years 8,253,035 

10 years 2,080,899  
15 years 5,656,400 

NOTES: Even assuming an average price rise of electricity of four per cent (unlikely over a long 
period), the return is completely inadequate for simply installing such a system. 
 

 

 

Case 4  Electricity from VAM with tri-generation     Selling carbon credits    

Repair/maintenance increases 2%pa Electricity price increase 2%pa Propane price increases 1.5%pa 

Capital expenditure 
year 0 = €8,124,000 

Discount rate 5% Discount rate 7.5% Discount rate 10% 

Carbon credit price 
per tCO2eq: 

Net Present Value €s 

€1 10 years 6,657,174 
15 years 12,531,061 

10 years 4,945,252 
15 years 9,280,122 

10 years 3,512,552  
15 years 6,737,500 

€3 10 years 12,867,555 
15 years 20,634,037 

10 years 10,544,934  
15 years 16,277,601 

10 years 8,599,898  
15 years 12,865,528 

€4 10 years 15,972,746 
15 years 24,685,526 

10 years 13,344,775 
15 years 19,776,341 

10 years 11,143,571  
15 years 15,929,542 

NOTES: Here the complete tri-generation system, backed with sale of credits at current low rates of 
around €4, fails to provide an attractive pay-back over 10 years, especially if capital pushes the 
discount rate to 10%, which is likely. 
 

The above scenarios are not encouraging for tri-generation as an engineering concept. With 
carbon credits so low, the concurrent sales only just start to make the financing profitable.   

However, if the markets gain confidence in the future of credit prices, the picture would 
change. For example, a complete tri-generation system (~€10m) funded at a discount rate of 
10% supported by ten years of EUA credits averaging €13/tCO2eq, which was the rate in 
2010, would offer a ten year NPV of over €34m.  The equivalent investment in the TFRR 
array only (~€5m), backed only with credit sales, would come in at just over €28m. This 
provides a gain of €6m for an extra investment of €5m, not perhaps exciting in itself but if a 
mine had concerns over security of energy supply in a remote region this could be 
interesting. 
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Comparison of TFRR system for oxidation only with full Tri-generation system 

 Capex C Credit / tCO2eq Discount NPV 
TFRRs; 
hood; pipes 

€5,000,000 €13 10% €28,067,750 

Trigen 
system 

€10,180,000 €13 10% €34,036,629 

Difference= €5,180,000  Difference = €5,968,879 
 

One aspect that emerges from this study is that a strong annual increase in the cost of 
electricity (e.g. 3% a year rather than 2%) only marginally increases the NPV.  It is the 
carbon credits that make the real difference for the investors, which is unfortunate in a way 
as this is an artificial market rather than a basic resource. 
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4.3 Poirson pump efficiency monitoring technique 
 

Among the range of technology investigations within the LOWCARB project, some very 
speculative at this stage such as compressed air energy storage and some not financially 
viable such as high-cost catalytic reactors, the following work on pump efficiency represents 
a technology that can currently be offered to a mine site. This does not warrant a complete 
investment review such as carried out above, as the pump machinery and procedure could 
be at any state of efficiency at the ‘current state’. However, some useful financial information 
has been included that has emerged from the research. 

4.3.1 Economics of pump efficiency monitoring 
 

The following is a cost review of the application of the Poirson sensors technique, refined in 
the Camborne School of Mines ‘mine simulator’, to an array of four high pressure pumps 
operating at a china clay pit in Cornwall, UK. 

It has not been possible to obtain data for the performance of the pumps in an ‘as-new’ 
condition, which could represent the achievable performance after a mechanical 
refurbishment, due to the age of the machines.  Although the supplier, SPP, is still 
manufacturing pumps in the UK they do not hold records on this legacy equipment. 

The best possible projected hydraulic efficiency, at the rated duty condition of 199.5m @ 
227.2 l/s, has been calculated using Anderson’s equation (Anderson 1994) of 86.3%.  As it 
was only possible to monitor two test points (solo and two parallel operation) then it is not 
clear exactly what relation each point is to the current Best Efficiency Point (BEP – zero 
gradient on the efficiency curve).  However the current flow rate is reasonably close to the 
duty flow rate and so it is fair to compare Anderson’s projected (best possible) BEP with the 
solo operation test point. 

The hydraulic efficiencies observed, in the solo configurations, were 78.2%, 80.5%, 74.5% 
and 68.0% for pumps 1-4 respectively.  Therefore the best machine (pump 2) was 5.8% 
below the optimum case and the worst machine (pump 4) is 18.3% below. 

The normal operating regime is running two pumps in parallel and so, assuming the pumps 
are rotated evenly in time, the following hydraulic and economic conditions will prevail: 

Parameter: Pump 1 Pump 2 Pump 3 Pump 4 Total Units 
Head 125.9 125.7 124.9 125.5 - m 
Flow rate 180.8 173.9 134.1 55.6 - l/s 
Electrical power 310.4 297 272.5 209 - kW 
Hydraulic efficiency 74.8 75 62.6 34.4 - % 
Operating time 50% 50% 50% 50% - % 
Volume pumped 2851 2742 2114 877 8584 Ml/year 
Energy 1359552 1300860 1193550 915420 4769382 kWh/year 
Tariff 0.094 0.094 0.094 0.094  £/kWh 
Specific power 476.9 474.4 564.5 1044.2 555.6 kWh/Ml 
Energy cost 127,798 122,281 112,194 86,049 448,322 £/year 

Table 4:  Imerys pressure pumps’ current annual energy cost 
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The current annual energy cost of the combined four pressure pumps is £448,322 / annum.  
It can be seen from the specific power data that that the least efficient pump, unit 4, requires 
1,044 kWh of energy to deliver 1 million litres of water, whereas the most efficient pump, unit 
2, consumes only 474 kWh to achieve the same function; a reduction of 65%. 

Operating only the most efficient pumps, units 1 and 2, would render the following hydraulic 
and economic conditions: 

Parameter: Pump 1 Pump 2 Total Units 
Head 125.9 125.7 - m 
Flow rate 180.8 173.9 - l/s 
Electrical power 310.4 297 - kW 
Hydraulic efficiency 74.8 75 - % 
Operating time 77% 77% - % 
Volume pumped 4376 4209 8584 Ml/year 
Energy 2086665 1996584 4083249 kWh/year 
Tariff 0.094 0.094  £/kWh 
Specific power 476.9 474.4 475.7 kWh/Ml 
Energy cost 196,146 187,678 383,825 £/year 

Table 5:  Imerys pressure pumps’ post scheduling projected annual energy cost 

If the best pumps were prioritised, then to deliver the same annual volume, through the 
pressurisation system, would result in an annual energy cost of £383,825 – a saving of 
£64,497 per annum or 14.4%.  The only way to identify the specific power and hydraulic 
efficiency of each pump is by some form of electro-hydraulic testing.  As discussed in earlier 
chapters the methods and technologies available are not suited to in-situ, on site machinery 
testing and so pump scheduling savings of this type could be realised by a reliable method 
of testing. 

If the pumps were re-engineered to return them to as-new (or better) hydraulic condition then 
further energy savings could be achieved.  A calculation has been undertaken assuming that 
the pump impeller’s diameter is machined to accurately match the correct duty of the pump 
(current operating condition) such that the BEP appeared at the operating head – this would 
result in the following scenario: 

Parameter: Pump X Pump Y Total Units 
Head 125.8 125.8 - m 
Flow rate 176.8 176.8 - l/s 
Electrical power 263.2 263.2 - kW 
Hydraulic efficiency 86.3 86.3 - % 
Operating time 77% 77% - % 
Volume pumped 4292 4292 8584 Ml/year 
Energy 1775403 1775403 3550807 kWh/year 
Tariff 0.094 0.094  £/kWh 
Specific power 413.6 413.6 413.6 kWh/Ml 
Energy cost 166,888  166,888  333,776  £/year 

Table 6:  Imerys pressure pumps’ post re-engineering projected annual energy cost 
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If the pumps were successfully re-engineered to cite the BEP at the current operating head 
and internally refurbished to the ‘as-new’ condition, then the annual energy cost would 
reduce to £333,776 – a saving of £114,546 per annum or 25.5% compared to the current 
annual energy cost. 

Consultations with local mechanical and electrical refurbishment contractors have revealed 
the likely work scope would include renewal of the wear rings to reduce internal recirculation, 
application of a smooth, void filling polymer to remediate the rough internal surfaces and 
repair or renewal of sealing glands.  All activities identified to re-engineer the pumps are 
advised as technically feasible, where identification and justification would stem from the on-
site test measurements. 
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5 Conclusions 
 

Having specifically applied the techno-economic analysis to the currently available low 
carbon technologies for ventilation air methane mitigation or exploitation, essentially the 
thermal flow reversal reactor and the add-on tri-generation options, the general conclusion 
aligns with the lack of activity in the market in that the collapse of the value of carbon credits 
has rendered this kind of installation non-viable. While this was to be expected for the TFRR 
itself as a mitigation tool, it was disappointing to reveal how dependent the energy 
exploitation investment would be upon this subsidy also.   If the carbon credit market should 
recover, or some other form of widespread subsidy for clean technology or legal obligation 
come into play, the whole picture could change dramatically.  

Even were this adjustment in the economic side of the techno-economic model to take place, 
it is noted that the number of upcast shafts with sufficiently high methane concentrations for 
these devices is limited by the technology aspect, with only around twenty per cent of mines 
providing sufficient concentration to maintain the reactor at a basic mitigation function and 
far less having the extra concentration required to carry the process further into electricity 
generation. Regrettably, the methane in ventilation air will remain a problem awaiting a new 
and radical solution into the future even with widespread uptake of TFRR. Earlier work within 
the LOWCARB project demonstrated the huge growth in underground coal mining in the 
Asia-Pacific region during the twenty-first century, emphasising the need to continue to 
explore every scientific avenue. 

For the work on improving the efficiency of mine water pumps using the Poirson method, 
however, the outcomes from LOWCARB are much more positive. It did not prove possible to 
use a deep mine application for water pumping (although some early-stage work was carried 
out on air ventilation), but the approach was successfully deployed at an industrial mining 
facility supplying high pressure water to a China Clay hydraulic mining operation, being a 
large open pit but with similar power requirements to deep mining. Despite a calibration 
process to 0.31mK, inherent offsets were observed in the temperature transducers, limiting 
the head range which a low cost transducer can achieve. The current annual energy cost of 
the pressurisation system is £448,322. A disparity was found in the performance of the four 
pumps, whereby if the best pumps were selected to operate the annual energy cost would 
reduce to £383,825 – a saving of £64,497 per annum or 14.4%. If the pumps were to be re-
engineered to ensure the best efficiency point (BEP) occurs at the operating head and the 
internal structures were refurbished to an ‘as-new’ condition then the annual energy cost 
would reduce to £333,776 – a saving of £114,546 (€137,455) per annum or 25.5% 
compared to the current annual energy cost. Due to the application advantages of the mining 
industry such as high head dewatering processes, this work on the low cost Poirson option 
has shown that intelligent control of such systems is possible and can bring substantial 
savings in operating costs. The sensor technology is currently available. 
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7 Glossary of Terms 
 

CFRR  Catalytic Flow Reversal Reactor 

NPV  Net Present Value  

TFRR  Thermal Flow Reversal Reactor 
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