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Introduction 
 
The study reported here is on the development of a methodology for the preliminary assessment of 
novel power generation processes aimed at the reduction of CO2 emissions.  Previous work by 
IEAGHG in this area is reported in: 

• PH2/14.  ‘The assessment of power generation systems’ 
• PH2/16.  ‘Report of expert workshop, June 1997’ 

 
The methodology is a screening procedure that can be used to assess whether a novel  ‘break-through’ 
concept for CO2 abatement is sufficiently interesting to justify detailed (i.e. expensive) evaluation.   
The objective is to assess novel processes with a minimum of effort.  Such screening must be done on 
a consistent, transparent basis which is seen by all, including the promoters of the novel process, to be 
fair.   
 
The methodology answers basic questions such as:  Is the science robust?  Is the technology feasible?  
Is the process effective as a CO2 abatement option?  Overall the methodology aims to answer the 
question : To what extent, and in what way, is the novel process a potential improvement on 
alternative mitigation options?  A supplementary question is also addressed: is there an incentive to 
develop the concept in detail? 
 
The objective of the work reported here was to develop further the methodology and use it to make 
preliminary assessments of a selection of novel power generation processes.  This would start to build 
a reference suite of process evaluations against which the ‘attractiveness’ of novel CO2 abatement 
processes can be calibrated.   
 
This methodology will enable IEA GHG, and other potential users, to identify novel processes that are 
scientifically credible, technically feasible, and effective relative to competing processes.  Processes 
that are not attractive, or fundamentally flawed, can be rejected on a consistent and transparent basis. 
 
In this study, the methodology has been tested on 8 processing options each of which is described in 
the main report.  This overview is restricted to a discussion of the methodology.  The main report 
contains further details of the methodology and describes the results of the process assessments. 
 

Approach adopted 
 
The methodology is based on a number of questions which are asked about the new process.  The 
methodology is incorporated in a computer program which, together with data files, can be run on a 
PC. A key feature is the ‘user’ of the program, who must provide answers to some of these questions, 
which may require expert judgement.  This approach highlights the minimum level of information 
required before a process can be assessed.  Where the information is not available, the user has to infer 
appropriate inputs for the assessment, either from previous assessments or from other, comparable 
process engineering situations.  
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There are two types of input to the methodology: 
 
The first type of input is derived by calculation, e.g. calculation routines derive thermal efficiency, 
costing routines are used to derive capital and operating costs, etc.  Databases of common physical 
properties are built into the program.  Cost information for standard items of commonly employed 
processing units is also provided; users can customise this data if required. 
 
The second type of input is judgmental.  In this part of the analysis, criteria such as the complexity, 
novelty, safety, and environmental implications are considered.  For each of these criteria the user 
selects from a list of possible descriptions1 and the program assigns numerical scores based on the 
description.  The scores are default options that the user can elect to change. 
 
Improvements have been made to the original version (1.0) of the assessment program.   In particular, 
a library of CO2 properties has been added that enable cycles based on CO2-recycle to be more 
accurately represented. 
 
There are now two separate parts to the computer programme, the first is the assessment program and 
the second a comparison program.  Novel power plants can be assessed using the assessment program, 
and then compared with each other and the user’s ‘reference suite’ using the comparison program.     
 
Although the program is designed for easy and quick use, it should be noted that it is not an ‘expert 
system’ for use by lay people; considerable experience in power plant design and analysis is still 
required.  The program includes physical property, cost, and efficiency routines but it is not intended 
to be a substitute for use of the more sophisticated proprietary modelling and costing programs.2 
 
Copies of the program and the user guide are available on request from the IEA GHG office.  The 
program is an Excel 97 template, and as with any such spreadsheet, the user can edit the cell contents.3 
  The user must have use of Microsoft Excel 97 - this version (1.1) of the program will not work on 
earlier versions of Excel. 
 
The program and documentation was produced for IEA GHG by CRE Group Ltd.  Other than making 
use of Microsoft Excel, there is no special proprietary software. 
 

Results and discussion 
 
the processes assessed 
The main body of the report illustrates the use of the assessment methodology on 5 processes.  Three 
variations of one process and 2 of another are assessed, making a total of 8 sets of results.  Two of the 
processes were assessed in previous work (see report Ph2/14) and were reassessed for consistency.  In this 
overview only 3 of the results are discussed so as to illustrate the methodology.  The processes discussed 
here are: 

                     
1 For example materials of construction are categorised, in decreasing order of ‘attractiveness’, as: carbon steel, 
stainless steel, existing special alloy, new special alloy, or exotic ceramic. 
2 Commercially available models that might be used to evaluate power generation schemes in detail include: (a) 
Pro II, Hysis, Aspen, etc these models are essentially chemical process plant simulation routines; (b) 
GATE/Cycle, ThermoFlex, etc these models are specific to conventional power plant; (c) cost estimation models 
such as Questimate, PEACE, etc.  
3 For example, the editing can consist of changing default assumptions, or electing to input detailed data if it is 
available. 
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1. GTCC + partial CO2 recycle, which is a conventional natural gas combined cycle combined with 
partial recycle to concentrate CO2 in the flue gas.  Amine scrubbing is used to capture the CO2.  See 
figure S1 below (and figure 3 in the main report):  

 
 
 
  
 
 
 Figure S1: GTCC + partial CO2 recycle 
 
2. MHD +CO2 recycle, which is an oxygen and coal-fired magnetohydrodynamics process in which 

CO2 is recycled.  The oxygen is obtained from a conventional air separation unit.  The flue gas is 
mainly CO2 and H2O.  See figure S2 below (and figure 2 in the main report): 

 
 
 
 
 
 
 
 Figure S2: MHD + CO2 recycle 
 
3. BaO cycle + CC + CO2 recycle, barium dioxide (BaO2) is fired with natural gas in a combustor and 

the combustion products enter a gas turbine combined cycle.  Barium oxide, produced in the 
combustor, is used to abstract oxygen from air by conversion to BaO2.  CO2 recycle is used for 
temperature moderation.  The flue gas is mainly CO2 and H2O.  See figure S3 below (and figure 6 in 
the main report): 

 
 
 
 
 
 
 
 
 
 Figure S3: BaO cycle + CC + CO2 recycle 
 
These three processes cover, a near-term potential modification to established technology (1) and, two 
novel processes that are far from being commercially available (2 & 3).  The near-term option is included 
as a ‘marker’ against which to compare the novel processes. 
 
the methodology 
The assessment methodology is a two-step process; it is illustrated in figure 1 of the main report.  Table SI 
below demonstrates its use for the analysis of the GTCC + partial CO2 recycle process.  
 
1). In the initial step, 10 assessment criteria are each assigned a score ranging from 0% (bad) to 100% 
(good).  This part of the assessment is essentially a technical appraisal but judgement is required. The 
criteria are described in the report and are illustrated in the first column of table S1.    
 
Calculation routines are included in the program to calculate process efficiency from basic 
thermodynamics.  However, process efficiency, which is often the main ‘selling point’ focused on by 
promoters of a process, is not an assessment criterion on its own; instead it is incorporated into the 
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assessment criteria of costs, fuel consumption, and greenhouse gas emissions.  A small physical property 
database is provided; importantly, this includes CO2  data at a wide range of temperatures and pressures.  
Similarly, a small database of cost information, collated from various sources, is included which enables 
rough cost estimates to be made; this data can be altered or extended at the discretion of the user.  The 
criteria for costs, greenhouse gas emissions, and fuel consumption, are given a score on the basis of 
information from these calculations.   
 
The other criteria require the user to make comparative judgements.  For example, a criterion is included to 
take account of the risks associated with the development and use of exotic materials of construction.  (The 
capital cost implications are taken into account in the cost criterion.)  The user is required to allocate a 
score based on the materials required for construction of the process; the score is referenced to a scale of 
constructional materials which ranges from carbon steel through to exotic ceramics.    
 
Table S1: Analysis results for a gas turbine combined cycle with CO2 partial recycle and capture. 

Performance:  
Efficiency 48% (LHV) 
CO2 emissions 12.3 kg/sec;  0.066 kg/kWh 
Cost estimates capital: 496 million US$;  electricity: 3.8 c/kWh 
   
Analysis: score (%) x weighting weighted score 
Assessment criterion:   
Safety risk 60% x 60 36 
Environmental impact 80% x 40 32 
 Decision factor: Acceptability 68 
Fuel consumption 48% x 40 19 
Raw material availability 90% x 60 54 
 Decision factor: Applicability 73 
Process conditions 80% x 25 20 
Novelty of materials 90% x 25 23 
Plant complexity 65% x 25 16 
Novelty of process 95% x 25 24 
 Decision factor: Confidence 83 
Novelty of process 95% x 25 24 
Greenhouse gas emissions 85% x 25 21 
Costs 63% x 50 32 
 Decision factor: Costs 77 

 
2). In the second step of the process the assessment criteria are incorporated into four decision factors using 
a multi-criteria analysis.  This step is illustrated in the middle column of table S1.  Note that criterion 
‘novelty of process’ influences both the ‘cost’ and ‘confidence (it will work)’ decision factors.  The 
weightings assigned to each of the assessment criteria are subject to debate and depend on societal and 
industrial priorities.  These weightings are not definitive, they were agreed in discussion between IEA 
GHG and CRE with input from outside experts – other users may regard different weightings as more 
appropriate.  
 
interpretation of the results 
Table S2 shows the results for the 3 processes considered in this overview. 
 
Some users may wish to combine the decision factors into an overall ‘attractiveness’ score for the process. 
 This has not been done here because it makes the evaluation less transparent and it is felt that separate 
consideration of the four decision factors gives a more informative comparison of the processes under 
assessment.  
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Table S2: Decision factor scores for three process schemes. 
Process Decision factor 
 Acceptance Applicability Confidence Cost 
GTCC + partial CO2 recycle 68 73 83 76 
MHD + CO2 recycle 56 71 62 67 
BaO CC + CO2 recycle 38 54 71 64 

NOTE: High scores are ‘good’, low scores ‘bad’. 
 
The ‘GTCC + partial CO2 recycle’ process is based on existing technology but has not been operated as 
such.  The major technical unknowns are the extent to which CO2 recycle can be achieved in existing gas 
turbine equipment and the likely performance of the amine scrubbing system.  This process has the highest 
score on all four decision factors.  The score for the ‘acceptance’ decision factor is largely a consequence 
of the scale for the safety criterion; this process is demonstrably safe, the only significant potential problem 
being the high pressure steam system.  The overall conclusion for this process is that there is an incentive 
to develop the option further.  The confidence that it will work is relatively high, and the costs are 
estimated to be lower (i.e. the score is higher) than for the other options assessed. 
 
The obvious statement for both novel processes (MHD and BaO) is that neither has a higher score than the 
GTCC + CO2 recycle for any of the decision factors.  Compared to the ‘marker process’ therefore there 
seems to be no reason why these novel processes might be thought more attractive.  They are likely to be 
more expensive, the confidence that they will work is lower, their applicability is lower, and their 
acceptability lower.  The overall conclusion for both these processes is that they are not worth further 
investigation.      
 
It is informative to consider what might be needed to make these 2 novel processes more attractive.  Those 
doing the assessment, or promoters of a process, might want to investigate this further through use of  
‘what -if?’ investigations.  For example, the relatively poor score for ‘acceptance’ of the BaO cycle process 
is due to concerns about safety requirements and environmental emissions.  Even if these were overcome, 
there would still be a low score for applicability due to the need for large quantities of barium-containing 
minerals.4  The unproven nature of the process and consequent technical uncertainties i.e. the confidence 
level, is another barrier to be overcome.  If all three of these concerns were overcome the process would 
still look relatively unattractive for cost reasons. 
 
The ‘GTCC + partial CO2 recycle’ process received the highest score of all 8 processes assessed for 3 of 
the decision factors (see table 2 of the main report).  A high efficiency version of the MHD process gained 
the highest score (80) for applicability, mainly due to a projected high efficiency; however, for the other 3 
decision factors, cost, confidence, and acceptance, this process option received the lowest score. 
 
There may be some over-riding constraint which would prevent the process being used, no matter how 
good it was in other respects, otherwise known as a ‘show-stopper’.  The methodology could easily be 
adapted to consider ‘show-stopping’ scores for any or all of the decision factors. .  This has not been done 
because experience in use of the methodology is limited.  One of our concerns about using such an 
approach would be that, if the rejected process scored very highly on the other decision factors, this might 
provide an incentive for the proposer to try to over-ride the supposed ‘show-stopping’ score.  Further 
‘tuning’ of the scales as more novel processes are assessed will add to the credibility of the methodology.  
Once this is achieved, and a number of novel processes have been assessed, it may be possible to infer 
some easily adopted ‘rules-of-thumb’ for deciding whether or not a particular low score is a ‘show-
stopper’. 
 

                     
4 The process does not consume barium oxides but there will inevitably be degredation and losses leading to a 
significant requirement for make-up material.  
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Expert Group comments 
 
Members of the Expert Group have been consulted at several stages during the development of the 
methodology.  In particular, an expert workshop was held at which results from the initial study and the 
methodology were presented; a separate report on that workshop has been issued (PH2/16).  
 
A draft version of this report together with computer diskettes of the methodology was sent to the experts, 
to seek further advice and their reactions.  No comments were received on the computer-based aspects of 
the methodology; this is probably because the users would need to spend considerable time familiarising 
themselves with it.       
 
The comments received, whilst making useful suggestions, tend to add to the complexity of the 
assessment. For example, a point made about the reliability assumptions was that not all process units are 
equally complex/unreliable; the relatively simple treatment in the methodology could be improved but 
only at the expense of additional complication. 
 
One expert commented that a plant with a ‘major’ safety risk would not be allowed to operate.  The words 
in the specification for rating of safety risk refer to the potential consequences of a failure.  This criterion 
deals with the inherent safety of processes and the potential consequences of failure – an inherently benign 
process is deemed more attractive than a process requiring extensive, and expensive, safety measures to 
avoid potential wide-spread environmental damage or major loss of life. 
 

Major conclusions 
 
The establishment of a ‘novel’ process needs considerable research, development, and demonstration 
effort.  If funding for such effort is to be found amongst the many competing demands for limited 
funds the potential overall ‘attractiveness’ of the processes relative to other options must be 
demonstrated.  A consistent measure for this attractiveness would be useful to both funding bodies and 
process developers.  The methodology developed here could usefully be used to assess the merits of 
novel power generation processes aimed at CO2 mitigation on a transparent consistent basis.  
 
The potential attractiveness of a process must be expressed in broader terms than just its economic and 
technical aspects.  In particular, the problems of public acceptance in terms of safety and 
environmental issues must be part of the assessment.  The methodology described in this report 
provides a means of comparing the relative attractiveness of novel processes on a consistent basis 
which takes into account the following decision factors: acceptability, applicability, confidence in it 
working, and cost. 
 
The methodology is not an ‘expert system’, a significant level of expertise is required to use it.  It is 
unlikely that the methodology can be made suitable for use by non-experts due to the requirement for 
a significant level of knowledge and the judgmental aspects of the input.  
 

Recommendations 
 
1.  The results of this study form a small databank of results that enable the relative attractiveness of 

processes to be calibrated against each other.  As novel processes are identified by IEAGHG and its 
members, they should be assessed using the methodology to give guidance on whether more 
expensive, in-depth assessment and development is justified.  These results can then be added to 
the databank and help to ‘tune’ the comparative assessments. 

 
2.  The methodology should be made available to other potential users with a need to decide between 

the relative merits of novel CO2 abatement processes. 
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3.  Presentation of the decision factor scores together with a block diagram of the process and other 
key information on a one or two page ‘data-sheet’ will encapsulate the assessment results.  

 
 



 
 
 
 
 
 
 
 

ADVANCED POWER GENERATION SYSTEMS STUDY 
 

 
 
 
 
 
 

Program Description 
 and  

Process Assessments and Comparison 
 
 
 
 

Prepared for  
 

IEA Greenhouse Gas R&D Programme 
Stoke Orchard 

Cheltenham 
GL52 4RZ 

 
 
 

T R Dennish 
 
 

CRE Group Limited 
 
 
 
 
 
 
 
 



November 1999 
IEA GHG Project: IEA/CON/98/36 



 
ADVANCED POWER GENERATION SYSTEMS STUDY 

 
IEA/CON/98/36 

 
 

SUMMARY 
 
 
CRE Group Ltd developed a methodology and computer program for preliminary evaluation of 
speculative schemes for power generation with CO2 abatement, for the IEA Greenhouse Gas R&D 
Programme under contract No. IEA/CON/96/15.  This report and the companion 'User Guide' 
describe further work to enhance the computer program and its application to a range of additional 
processes.  The revised suite of programs has been used to assess three novel processes and reassess 
the two novel processes and their variants previously assessed and the results compared. 
 
The overall philosophy of the assessment program has remained unchanged but it has been completely 
rewritten for Excel 97 and the gas property routines for CO2 have been extended to cope with cycles 
which condense CO2.  The multicriteria scores and scoring have also been changed to be based on 
percentages which makes the results easier to understand.  Also new is the addition of a separate 
program to make comparing process assessments easier.  The methodology is centred around the 
multi-criteria analysis.  The overall attractiveness of a process is considered to be defined by four 
decision factors, namely estimated cost, acceptance, confidence in whether it will work and 
applicability.  Varying numbers of assessment criteria (e.g. novelty of process, safety and raw material 
availability) contribute to each of the decision factors.  Overall scores for the decision factors are 
obtained by multiplying scores for the assessment criteria by weighting factors, which depend on the 
relative importance of each criterion, and then summing the weighted scores.  Some of the assessment 
criteria, for example safety, are judgmental and in these cases the program user selects from a list of 
possible descriptions and the program assigns numerical scores based on the selected description.  In 
other cases, such as operating cost and efficiency, the program is able to calculate numerical scores.  
Thermal efficiency is estimated using temperature-entropy diagrams and costs are estimated by 
reference to a database of process unit capital and operating cost data.  
 
The two processes that were originally assessed to demonstrate the program where: oxygen blown 
PFBC with flue gas recycle and a natural gas combined cycle integrated with a barium oxide/peroxide 
oxygen production process.  Three variants of the PFBC cycle were assessed; a base case, a case 
using a supercritical steam cycle and a case where the gas turbine inlet gas was supplementary fired 
with natural gas.  These processes have been reassessed and three completely different processes 
have also now been assessed.  The new cases where MHD with CO2 recycle, a partial catalytic 
oxidation based combined cycle and a flue gas recirculation based combined cycle.   
 
The MHD cycles showed high efficiency and good raw material availability resulting in high 
Applicability scores.  However, the confidence, estimated costs and acceptance reported lower 
figures.  The High efficiency MHD case shows the lowest (i.e. worst) scores in the confidence and 
estimated costs decision factor scores.  The reasons for this are partly because it was considered to be 
the least well developed of all the processes, combined with the extreme process conditions and also 
its poor retention of CO2, which impacts heavily on the Estimated Costs decision factor.  It scores very 
highly in the Applicability category because of its exceptionally high efficiency.  The Oxygen-Coal 
fired MHD with CO2 recycle scores lower in the applicability rating but shows improved confidence 
and estimated cost decision factor scores.  However, these are still much lower than the CCGT and 
PFBC based schemes. 



 
The two CCGT based cycles appear to offer advantages over both the PFBC based cycles and the 
MHD cycles having the best all round scores resulting from a combination of low costs, high efficiency 
and minimal development requirements.  Although these schemes do not retain 100% of the CO2 
produced, however, as the ratings stand this does not count too heavily against them.  The partial 
oxidation offers the highest efficiency of the pair giving it the edge in the applicability decision factor 
but has lower confidence and estimated cost factors, this is because of the more complex plant 
arrangement and higher operating costs. 
 
The reassessment of the original cases has shown only minor changes in performance and cost criteria 
and therefore the original comments are still valid:  There were only small differences in the decision 
factor scores for the three PFBC options, due to differences in efficiency, costs and process 
conditions. The barium oxide/peroxide combined cycle process achieved generally lower decision 
factor scores than the PFBC cycles, due mainly to its novelty and concern over safety and 
environmental emissions.  However, the process achieved better scores for the fuel consumption and 
operating cost criteria, so it may become attractive in future if it could be proven at a large scale. 
There are a significant number of technical uncertainties which would need investigating as part of a 
more detailed technical analysis of the barium oxide cycle, including reaction thermodynamics, 
equipment sizes, the possible impacts of barium compounds on plant components such as the gas 
turbine, the barium oxide make-up rate and environmental emissions. 
 
There are several areas where further work could be carried out to help make the program widely 
accepted amongst members of the IEA Greenhouse Gas R&D Programme.  The most important 
aspect are the multicriteria scoring system and the weightings applied to the assessment criteria.  The 
weightings were agreed by appropriate experts but since the scoring system has changed these may 
need to be reviewed.  For comparison conventional power generation processes, such as pulverised 
coal combustion and natural gas fired CCGTs still need be assessed to provide reference processes 
against which to compare novel processes.  The program should then be used to assess a wide range 
of novel power generation processes as part of IEA GHG’s on-going programme of work.  
Modifications could be made to the program when required, for example more process units and their 
costs could be included in the capital cost database. 
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1 INTRODUCTION 
 
The IEA Greenhouse Gas R&D Programme (IEA GHG) has been set up to investigate ways of 
mitigating the greenhouse gas effect, particularly from emissions of CO2.  Studies have been carried out 
to investigate CO2 separation from conventional power generation processes and CO2 disposal.  The CO2 
separation processes have in general been “end-of-pipe” solutions.  If the need to isolate CO2 is added as 
a fundamental requirement, examination of unorthodox and speculative options for abstracting energy 
from fossil fuels could reveal processes intrinsically more suitable.  A wide range of alternative 
processes have been proposed and will be proposed in future.  IEA GHG requires a simple procedure for 
carrying out preliminary assessments of such processes on a consistent basis, to discover which 
processes warrant more detailed study.  
 
This report describes the use of a suite computer programs developed and now updated by CRE Group 
Ltd for IEA GHG to assist in the preliminary assessment of speculative schemes for power generation 
with CO2 abatement.  The programs have been used to assess three novel schemes and to reassess the two 
novel schemes previously assessed with the first version of this program.  The results of these 
assessments are included in this report. 
 
 
2 SUMMARY OF POTENTIAL PROCESSING SCHEMES 
 
There is a very wide range of possible schemes for generating power with low emissions of 
greenhouse gases.  Each of the schemes takes in fuel, which can be coal, oil, gas, biomass, waste or 
other carbonaceous materials and produces electricity, flue gas and carbon in a form suitable for 
disposal. The carbon output is normally in the form of CO2 compressed to high pressure for disposal 
in disused oil and gas wells, aquifers or the deep ocean but in some cases it can be a carbon-rich solid. 
 
CO2 can be separated from the flue gases of most fossil fuel fired power generation processes, 
including pulverised coal combustion, fluidised bed combustion, natural gas combined cycles, IGCC 
or MHD, using amine scrubbing, cryogenics, membranes or other separation technologies.  The same 
range of power generation processes could be operated using oxygen and recycled flue gas, instead of 
air, thereby producing a CO2-rich flue gas for compression and disposal.  
 
An alternative approach is to convert the fuel into hydrogen, for use in a boiler or combined cycle, 
and CO2 for disposal.  This can be achieved by gasifying coal or oil with oxygen, reacting the fuel gas 
with steam in a shift converter to produce hydrogen and CO2 and separating the CO2 using solvent 
scrubbing, membranes etc.  Methane can be reacted with steam in a steam reformer to give fuel gas 
which can be processed in the same way and such a scheme is considered in Section 5.3.  Some power 
generation processes, in particular certain types of fuel cells, intrinsically produce a concentrated CO2-
rich stream.  However, some modifications to the conventional flowsheets may be required to ensure 
that the CO2 remains as a concentrated stream for disposal. 
 
Another possible approach is to decompose a fuel such as methane to hydrogen and graphite, Graphite 
can be easily disposed of but of course the heat of combustion of the carbon is lost. 
 
Many of the low-CO2 power generation processes require high purity oxygen.  Oxygen is expensive to 
produce, both in terms of capital cost and energy consumption, so novel methods of producing 
oxygen may have advantages in low CO2 power generation schemes.  A scheme involving integration 
of a barium oxide/peroxide oxygen production process with methane combustion in a combined cycle 
is one of the schemes assessed in this study and the results are given in Section 5.5. 
 
In summary, most low CO2 power generation schemes fall within the following categories: 
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• Schemes involving separation of CO2 from flue gas. 
 
• Schemes involving oxygen blown combustion, to produce a CO2 rich flue gas. 
 
• Schemes involving conversion of fuel to hydrogen and CO2, eg IGCC. 
 
• Schemes in which the carbon in the fuel is rejected as graphite. 
 
• Electrochemical schemes, such as fuel cells. 
 
• Schemes as described above, including novel ancillary units, such as methods of oxygen 

production. 
 
The assessment program has been designed in principle to handle all these types of schemes. 
 
 
3 PROGRAM SUITE DESCRIPTION 
 

3.1 Overall structure 
 
The suite of programs comprise of an assessment program and a comparison program both developed 
by CRE Group Ltd.  The Assessment program is centred around a multi-criteria analysis, described in 
Section 3.2.  Other calculation routines, for example for estimation of thermal efficiency and costs, 
provide information to the multi-criteria analysis.  The comparison program is designed to import data 
from one or more process assessments or other spreadsheets provided they conform to a set format.  
The sets of data are automatically tabulated and the assumptions underlying capital and operating 
costs and the bases for the multicriteria analysis can be global changed to assess the sensitivity of the 
analyses to these factors.  The programs are written as Microsoft Excel 97spreadsheets, operating 
under the Windows 95/98 operating system on a standard PC.  No special proprietary software has 
been included in the program.  This ensures that the program can be easily used by IEA GHG and 
other organisations if necessary.  It also means that the main equations in the program can be easily 
examined by the users, making it clear how the program is operating.  The spreadsheet includes some 
compiled routines, which are used to carry out detailed calculations such as enthalpies and entropies 
of process streams but the user does not need to have access to these parts of the program.  A user 
guide to the program has been produced as a separate report.  Major changes between the first version 
and the updated version of the Power Plant Assessment Program are given in Appendix 1. 
 

3.2 Multi-criteria analysis 
 
The multi-criteria analysis is structured on three levels; assessment criteria, decision factors and 
overall attractiveness, as shown in Figure 1.  The overall attractiveness of a process is considered to 
be defined by four decision factors, namely estimated cost, acceptance, confidence in whether it will 
work and applicability.  Varying numbers of assessment criteria (eg novelty of process, safety and raw 
material availability) contribute to each of the decision factors.  Overall scores for the decision factors 
are obtained by multiplying scores for the assessment criteria by weighting factors and then summing 
the weighted scores.  In a similar manner, weightings could be applied to the decision factor scores 
and these weighted scores could be summed to give an overall attractiveness score, if required.  
However, IEA GHG requested that for the purposes of this report only decision factor scores should 
be produced.  The overall weighted scores for a novel process can be compared against scores for 
reference processes, such as conventional power generation processes, or other novel processes.  The 
weighted scores are only meaningful in comparison to scores for other processes. 
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Ten assessment criteria have been included in the program. The criteria and the weightings assigned 
to them are shown in Figure 1 and are described further in Section 4.  The scores for some of the 
criteria can be calculated numerically, for example fuel consumption and operating cost.  Others are 
more judgmental criteria but numerical scores can nevertheless be calculated, for example process 
complexity.  A score for this criterion can be calculated from the numbers of major process units and 
recycle streams. Other criteria, such as safety, are purely judgmental inputs, where the user selects 
from a list of possible descriptions, ranging from, for example, ‘inherently safe’ to ‘has the potential 
to cause major loss of life or environmental damage beyond the plant site’.  
 

3.3 Calculation Routines 
 

3.3.1 Thermal efficiency 
 
Routines have been included in the program to estimate the cycle efficiency from basic 
thermodynamics.  A cycle is assumed to consist of up to four stages: 
 
1. Conversion of chemical energy to high temperature heat, eg in a combustor. 
 
2. A primary cycle, eg a gas turbine, to convert high temperature heat to electricity and medium 

temperature heat. 
 
3. A secondary cycle, eg a boiler and steam turbine, to convert medium temperature heat to electricity 

and low temperature heat, which is rejected.  Plus additional heat from/or to other parts of the 
process. 

 
4. Ancillary power consumptions and losses. 
 
A gas turbine combined cycle would for example include all four stages but combustion/ steam cycles 
would not include stage 2.  A gasification unit would be a variant of stage 1, in which some of the 
heat is passed directly to stage 3.  A fuel cell would also be a variant of stage 1, in which some of the 
energy released would be converted directly to electricity.  All of these cases can be handled by the 
program.  
 
The gross power outputs of the primary and secondary cycles are calculated using temperature 
entropy diagrams.  The user estimates the flows, pressures, temperatures and compositions of the main 
streams in the cycle and the program draws a T-S diagram and estimates the efficiency from the areas 
under the lines, according to basic thermodynamic theory.  Several gas turbine variants are included in 
the program, including compressor intercooling, reheat and flue gas cycle.  The physical properties 
routines in the program only cope with condensation of water in the steam cycle and carbon dioxide in 
the gas cycle.  The range of properties could be extended in future if required.  The steam cycle can if 
necessary handle supercritical conditions and up to two stages of reheat. 
 
Auxiliary power consumptions and losses are subtracted from the predicted gross power output.  The 
program includes typical specific power consumptions for the main ancillary duties such as solids 
handling, cryogenic oxygen separation, CO2 compression and cooling water systems.  Specific 
auxiliary power consumptions can also be set for user defined equipment.  These specific power 
consumptions are multiplied by the duties, for example the coal and oxygen mass flow rates, to give 
the auxiliary power consumptions of the process. The program also subtracts percentage losses for 
generators and transformers and miscellaneous equipment and a general plant usage figure which can 
be adjusted. 
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For many complex processes, particularly those involving many recycle streams and unusual fluid 
mixtures, such as the Kalina Cycle, it would not be appropriate to attempt to calculate cycle efficiency 
in an assessment program such as this.  A much more detailed process flowsheet modelling program 
would be required to predict a sufficiently accurate overall cycle efficiency. In such cases a calculated 
efficiency from an external program can be inputted directly to the assessment program. 
 
 

3.3.2 Capital cost   
 
The program includes a small database of capital costs of the main components and process units in 
conventional and novel power stations, collated from published and in-house data available at CRE.  
Additional process units can be easily added to the database when required. To estimate process 
capital costs the user selects analogous process units from the database and the program estimates 
their unit sizes.  The program then scales the reference costs of each of the process units according to 
their sizes using cost/scale exponents included in the database.  The program also lets the user specify 
a cost multiplier for each of the process units.  This is to cope with situation where a process unit in a 
novel scheme is generically similar to one of the process units in the data base but is know to involve 
greater or lesser complexity, vessel sizes or materials costs.  The program multiplies the scaled cost by 
the cost multiplier to give an overall process unit cost.  The individual process unit costs are then 
summed and overall project costs, such as engineering, field indirects, owners costs (start-up, working 
capital etc) and contingencies are added as a percentage of the total process units cost, giving an 
overall plant cost.  If there is insufficient information available to carry out this costing procedure the 
user can directly input his own overall plant cost estimate.  The program uses US$ for its costings as 
much of the published power plant cost information is in US$ and most people know the exchange 
rate between their local currency and the US$.  
 

3.3.3 Operating costs 
 
Operating costs consist of the following categories: 
 
• Fuel costs 
 
• Capital charges 
 
• Other fixed operating cost, mainly operating staff and maintenance costs 
 
• Other variable operating costs, mainly waste disposal costs and other material inputs, such as 

sorbents. 
 
The program calculates each of these costs in constant money values, ie excluding inflation.  The 
calculations exclude taxes for simplicity and because they are dependent on local conditions.  The fuel 
cost per unit power output is simply the fuel cost divided by the thermal efficiency.  Annual capital 
charges are calculated on a mortgage-type basis, using the following equation.  This gives the annual 
payment necessary to repay the capital cost and pay interest to lenders and shareholders over the life 
of the plant. 
 
 
 X  =  C x i  x (1+i)y  
              (1+i)y - 1        
 
Where: X is the annual capital charge, $/year 
 C is the capital cost, including interest during construction, $ 
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 i is the annual interest rate, expressed as a fraction 
 y is the plant life, years 
 
The annual capital charge ($/year) is divided by the annual power output to give a cost per unit power 
(c/kWh).  The annual power output is calculated from the power output of the plant (MW) and its 
operating load factor, which is specified by the program user. 
 
 
The other fixed operating costs are estimated as a percent per year of the plant capital cost.  The 
program user can change the percentage factor, for example if the plant operates under particularly 
severe conditions and is likely to require a large amount of maintenance or frequent replacement of 
major plant items. 
 
The program allows the user to specify the annual consumptions and unit costs of other major process 
materials, for example limestone for use in a gasifier or amine for a CO2 scrubbing unit.  Likewise, the 
outputs and disposal costs of wastes are specified by the user.  A negative cost could be assigned to 
give an income for a material which is judged to be a saleable by-product. 
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4 Assessment Criteria scores and Weightings 
 

4.1 Scores 
 
The scores for all criteria are in the range 0% (bad) to 100% (good).  The ways in which the scores are 
assigned are described below.  The program could be modified if required so that if any of the criteria 
has a score of  0% it is judged to be a ‘showstopper’, which would automatically result in the process 
being rejected, however, this is not implemented at present.  The criteria should probably be assessed 
in the order described below, ie with the simple judgmental criteria first.  If a process scores very 
badly on one or more of these criteria, such as safety, it is not worthwhile proceeding to criteria such 
as efficiency and cost, which are more time consuming to evaluate.  
 

4.1.1 Safety risk 
 
Although all modern process plants are designed to meet accepted safety standards, some processes 
are inherently safer than others.  Processes can be rejected by society in general because the potential 
consequences of a plant failure are considered to be unacceptable, regardless of how much money is 
spent to reduce the probability of a failure occurring.  The inherent safety of processes and the 
potential consequences of failure therefore need to be considered in the assessment. 
 
A process which is inherently safe, would achieve a score of 100%.  A process which has a low 
probability of loss and which even in the event of loss would cause only minor damage to health and 
the environment, confined to within the plant site, would score 80%.  One which may cause slightly 
more risk to health and environment would score 60%.  A plant capable of catastrophic failure, with 
major loss of life within the plant or minor environmental damage outside the plant would score 30%.  
A plant capable of causing major loss of life or serious environmental damage over a large area 
beyond the plant boundary would score 0%. 
 
Rating Example Score 
Benign  Raw water purification 100 
Small risk Air Separation 80 
Safety risk Conventional steam boiler 60 
Major in-plant risk Oil refining, petrochemicals 30 
Major ex-plant risk Nuclear power 0 
 
  
 

4.1.2 Raw material availability 
 
This criterion is an indication of how widely a process could be applied, ie would it be a local niche 
application or could it be applied on a large scale throughout the world.  There may be circumstances 
where raw materials for a process could be easily and cheaply produced in small quantities but the 
price would become very high if the demand became high.  In this case a process could be attractive if 
applied on a small scale but not on a large scale.  Another situation would be a where a raw material 
was cheap and easy to produce but only in a small number of countries.  Although the material could 
be transported to other countries at an acceptable cost the small number of possible producers could 
create a cartel, driving up prices and potentially disrupting supplies.  Uncertainty regarding the price 
and availability of a raw material would be a disadvantage for a process. 
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Rating Example Score 
Universally common Air 100 
Locally common Limestone 90 
Moderately common Coal, oil 60 
Scarce Nickel, copper 20 
Very scarce Gold, platinum 0 
 
 

4.1.3 Environmental impact 
 
This criterion takes account of all environmental emissions except greenhouse gases, which are 
considered separately.  The scores are intended to take account of both the harmfulness and quantities 
of wastes.  So, for example, a process which produces mainly useful by-products but which also 
produces a small amount of harmful waste may be given an intermediate score.. 
 
Rating Example Score 
Useful by-products Gypsum, sulphur 100 
Totally benign waste Nitrogen 80 
Mildly harmful waste Pulverised coal ash 50 
Moderately harmful waste SO2, NOx,  30 
Very harmful waste Potent carcinogens 0 
 
 

4.1.4 Plant complexity 
 
Plants which are more complex tend to be more difficult to operate and have lower availabilities.  
Plant complexity is related to the numbers of major process units and major recycle streams.  The 
plant complexity score is calculated using the following equation: 
 
Score  =  100-5*(number of process units + number of recycles) % 
 
So for example a process with 5 major process units and 3 major recycles would have a score of 60%. 
 

4.1.5 Process conditions 
 
This criterion influences the likely reliability of the process.  Processes involving extreme operating 
conditions tend to be less reliable.  The scores are based on the maximum pressures and temperatures 
encountered in novel sections of the process.  Process conditions in well proven, reliable parts of the 
process should not be taken into account.  For example, steam cycles operating at 160 bar are well 
proven and reliable, as are cryogenic air separation processes.  The overall score is the average of the 
pressure and temperature scores.  The maximum pressures and temperatures will also affect costs but 
this is taken into account in the cost criteria, described later. 
 
 
 
 

Temperature Pressure 
Rating Score Rating Score 
Less than 1200K 100 Atmospheric 100 
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1200-1600K 80 <10 bar (not atm) 90 
Cryogenic 70 10-60 bar 80 
1600-2000K 40 60-150 bar 50 
Greater than 2000K 5 >150 bar 20 
 

4.1.6 Novelty of process 
 
Unproven processes and equipment tend to be less reliable and they require effort and expenditure to 
overcome initial operating problems.  Costs for novel processes also tend to be underestimated.  This 
criterion therefore influences the ‘estimated costs’ and ‘confidence in whether it will work’ decision 
factors.  To ensure that novel processes with good long term potential are not dismissed simply 
because they are unproven at present their scores in the long term, ie assuming they become fully 
proven, could also be calculated.  This criterion addresses processes and equipment.  Materials of 
construction are included in a separate criterion, described in the next section. 
  
 
Rating Example Score 
Fully proven Low pressure steam turbines 100 
Minor modifications Supercritical steam turbines 95 
Major modifications Novel IGCC 60 
Major new ideas Fuel cells 20 
 

4.1.7 Novelty of materials  
 
This criterion is included to take account of the risks associated with developing and using exotic 
materials of construction.  The effects of materials of construction on costs are taken into account in 
the cost criterion, described in section 4.1.10. 
 
Rating Score 
Carbon steel  100 
Stainless steel 95 
Existing special alloys 90 
New special alloys 50 
Exotic ceramics 20 
 

4.1.8 Greenhouse gas emissions 
 
Most of the processes which will be assessed using this program will have essentially zero emissions 
of greenhouse gases. Some schemes however, such as conventional power generation with flue gas 
scrubbing will be unable to recover all of the CO2.  This needs to be taken into account in the 
assessment. The greenhouse gas emissions score is calculated using the following equation: 
 
Score  = % Carbon retained  
 
The best score is achieved with zero emissions and the worst score (0%) corresponds to a plant with 
no CO2 retention.  If required, emissions of other greenhouse gases (CH4, N2O etc) could be included 
in the assessment by converting them to CO2 equivalent, by multiplying by their relative greenhouse 
gas effects. 
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4.1.9 Fuel consumption 
 
Fuel consumption affects depletion of natural resources and the environmental impacts of fuel 
production and transportation.  It also determines how much CO2 is produced for subsequent disposal. 
These factors contribute to the applicability decision factor. The fuel consumption also has an impact 
on the process economics but this is taken into account in the operating costs criterion, described in 
the next section. 
 
Score  =  % efficiency (based on LHV) 
 
An efficiency of 60% will thus result in a score of 60% and an efficiency of 20% will result in a score 
of  20%. 
 

4.1.10 Costs 
 
The cost of electricity is obviously a very important criterion in the choice of a power generation 
process. The cost score is assigned according to the following equation: 
 
Score  =  100 - operating cost (c/kWh)*10% 
 
An operating cost of 2c/kWh would thus score 80% and a cost of 10c/kWh would score 0%. The 
operating cost includes annual capital charges, fuel costs and other operating and maintenance costs. 
 

4.2 Weightings 
 
The principle of a multi criteria analysis is that criteria scores are multiplied by weightings to obtain 
overall weighted scores, which are added together to give an overall score.  The weightings are 
obviously subject to debate and depend on society’s and industry’s priorities, which change with 
location and time.  For example, the relative importance of cost, environmental impact and safety 
would probably be different in a densely populated developed country and a sparsely populated 
developing country.  Similarly, the relative importance of these criteria will probably be different in 
50 years time, due to changes in social, economic, political and environmental factors.  The 
weightings used by CRE Group for the purposes of this report are shown below and in Figure 1.  
These weightings should not be regarded as definitive and further discussion amongst IEA GHG’s 
members may result in alternative sets of weightings.  It is easy for the user to change the weightings 
in the program, if required. 
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Decision factor Assessment criteria Weighting, % 
Estimated cost Operating cost 50 
 Greenhouse gas emissions 25 
 Novelty of process 25 
Acceptance Safety 60 
 Environmental impact 40 
Confidence in whether Plant complexity 25 
it will work Novelty of process 25 
 Novelty of materials 25 
 Process conditions 25 
Applicability Raw material availability 60 
 Fuel consumption 40 
 
 
All of the assessment criteria scores have been constrained in the program to be between 0 and 100%.  
In practice, for most processes, it will be found that some of the scores will only vary within narrow 
bands within this range but other scores will vary much more. Those criteria which normally only 
vary within narrow bands will therefore appear to be less important.  An example of this is the cost of 
electricity criterion.  Although this criterion has to be allowed to vary over a very wide range (0-10 
c/kWh was assumed in the program) most credible processes are likely to fall within a fairly narrow 
range (say 4-8 c/kWh). Cost differences within the 4-8 c/kWh would be highly significant for the 
process attractiveness but this will only be recognised if a large weighting is assigned to the cost 
criterion.  The range over which assessment criteria are likely to vary for most processes will need to 
be taken into account when deciding on the criteria weightings.  
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5 PROCESS ASSESSMENT EXAMPLES 
 
Three new example processes were assessed to test the program.  Also, the two example processes 
nominated previously by IEA GHG for contract IEA/CON//96/15 were reassessed.  The base 
processes which have been assessed were; a coal fired oxygen blown PFBC with flue gas recycle, a 
natural gas combined cycle integrated with a barium oxide/peroxide oxygen production process, coal 
fired MHD,  a CO2 recycle scheme and a partial catalytic oxidation process.  All the schemes except 
the MHD consist of a gas turbine ‘topping cycle’ and a steam turbine ‘bottoming cycle’.  The MHD 
scheme has a steam turbine 'bottoming cycle'. 
 
The following economic assumptions were used in the calculation of operating costs: 
 
Coal cost, $/GJ (LHV) 1.5 
Natural gas cost, $/GJ (LHV) 3.0 
Rate of return on capital, % (real terms) 9 
Plant life, years from start-up 30 
Plant construction time, years 3 
Load factor, % 80 
Annual fixed operating and maintenance costs, % of capital cost 3 
Limestone cost, $/tonne 20 
Solid waste disposal cost, $/tonne 20 
 
 

5.1 Coal Fired MHD Schemes (2 variants) 
 

5.1.1 Process description 
 
A diagram of this process is given in Figure 2.  Raw coal is dried, milled, pressurised and 
pneumatically fed to the first stage of a two stage combustor, where it is reacted with preheated 
oxidant (O2 and recycled fuel gas).  The product from the first stage combustor is fed to a cyclone, 
which removes about 85% of the ash as a liquid slag.  The overhead product from the cyclone is 
passed to the second stage of the combustor where further preheated oxidant and seed material 
containing potassium compounds are added. 
 
The electrically charged product from the second stage of the combustor is passed through an 
expansion nozzle to the MHD generator channel.  As the charged product passes through the strong 
magnetic field in the channel it generates DC electricity which is tapped by electrodes embedded in 
the channel walls.  The DC power is converted to AC by inverters. 
 
The output material from the channel is passed through a diffuser, reduces its velocity and increases 
its static pressure.  The output from the diffuser is cooled in a series of heat exchangers comprising a 
radiant heat boiler, high and medium temperature regenerative air heaters, a low temperature air 
heater, steam reheater and high temperature economiser. 
 
Sulphur in the coal reacts with the potassium carbonate and the sulphate and ash are separated from 
the flue gases, some of this material is regenerated to form new seed material.  The flue gas continues 
through low temperature economisers.  Part of the flue gas is then mixed with oxygen from an air 
separation unit,  cooled and then compressed before being preheated and eventually used in the 
combustors.  The flue gas is rich in CO2 and can be discharged to atmosphere or as in this case, 
compressed to liquefy the CO2 which can then be pumped to storage. 
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The heat recovered is used to generate high pressure superheated steam for use in a supercritical 
pressure reheat steam cycle.  The heat is recovered from the MHD generator exhaust gas, the MHD 
channel and the diffuser. 
 
The second MHD cycle variant studied uses a very similar scheme but uses air instead of oxygen as 
the oxidant and attains much higher efficiencies by the use of higher specification components and 
therefore may be considered more speculative.  Also, it does not separate or compress CO2 for 
disposal and there is no recycling of the flue gases. 
 

5.1.2 Assessment criteria scores 
 
The assessment criteria scores are given in Table 1 and the detailed results from the programs are 
given as appendices.  The overall safety hazards were considered to be relatively modest and the plant 
was classified as a 'risk', i.e. about the same as for a conventional power plant.  The process contains a 
pressurised extremely high temperature component and streams of pressurised oxygen, which can be 
hazardous.  Coal is combustible and because the preparation requires fine coal, the same risks as 
associated with pulverised coal burning will be present.  However, the risks are not considered 
sufficiently severe to warrant a higher risk category.  The materials used are coal, and a potassium 
based seed, which is partly recycled it is considered that the seed is used in small enough quantities to 
be classified overall as locally common.  There is a solid ash residue and this may contain quantities 
of potassium salts, it is therefore necessary to classify the impact to the environment as mildly 
harmful, as the waste could probably not be used beneficially.  There are 8 major units and 2 recycles, 
these being the carbon dioxide recycle and the seed material regeneration loop.  The process 
temperature is exceptionally high (>2000K).  However, the pressure is very moderate (<10 bar).  The 
process uses well-proven a supercritical steam cycle, however, the components on the MHD side are 
much less proven especially as this system uses CO2 recycle the electrical properties could be severely 
effected.  The process novelty was therefore classified as requiring major modification to bring it to 
this commercial scale.  However, it is expect that this design could be completed using existing 
special alloys.  All the CO2 is retained for disposal so a maximum 100% is scored in this category.  
Predicted plant efficiency was 43.42% and with a predicted operating cost of 4.55 c/kWh a Costs 
score of 54.5% was calculated.  In the determination of the capital costs a factor of 1.5 was applied to 
the HRSG cost as the duty required of this unit is far in excess of that normally encountered in an 
HRSG and a factor of 1.1 was applied to the steam cycle components to allow for the moderate 
supercritical conditions. 
 
The air /coal variant of MHD which was also assessed has a slightly different assessment results.  This 
variant was designed to be extremely efficient but with no CO2 retention facilities.  Safety, 
Environmental Impact, Raw Material Availability, Process Conditions and Novelty of Process scores 
were judged to be the same.  However, because of the extremely high temperatures used in the 
oxidant preheater and the assumptions given about MHD channel and Inverter performance it was 
judged that new materials would probably be required to allow the major plant modifications to be 
completed.  The plant complexity is slightly reduced because there is no CO2 compression and no CO2 
recycle.  However, since no CO2 is retained by the process, the greenhouse gas emissions score is 0%.  
The extremely high efficiency leads to a fuel consumption score of 64.8%.  Capital cost calculations 
were modified by a factor of 2 applied to the HRSG cost as the extreme duty required of this unit is 
far in excess of that normally encountered in an HRSG and a factor of 1.2 was applied to the steam 
cycle components to allow for the extreme supercritical conditions.  However, this still gives an 
exceptionally low operating cost of 2.64 c/kWh giving a cost score of 73.6%. 
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Carbon Dioxide Recycle Based Combined Cycle 
 

5.1.3 Process description 
 
This scheme as shown in Figure 3, is essentially a conventional CCGT cycle with addition of a flue 
gas recycle loop.   
 
Air and recycled flue gases are mixed and compressed in a gas turbine compressor ensuring that the 
oxygen concentration remains above approximately 13% (vol.).  Natural gas is burned with the 
compressed oxidant gas and the resultant high pressure combustion products are expanded through a 
turbine generating power in the process.  The expansion gases leave the turbine at just over 
atmospheric pressure and at about 630°C, they are then passed through a heat recovery steam 
generator (HRSG).  Heat is transferred to the steam 'bottoming' cycle in the HRSG.  The gas exit the 
HRSG at about 108°C and are then cooled further to 32°C by means of a heat exchanger made of 
fluorine plastic.  The cooled flue gas flows into a flue gas damper which splits the flue gas in two 
equal flows.  A recycle fan forces part of the flue gas into a mixing section where this flow is mixed 
with air. 
 
The remaining 50% of the flue gas is passed into a CO2 recovery plant.  The CO2 recovery plant is 
apparently an MEA scrubbing system which recovers about 85% of the CO2, the recovered CO2 is 
passed to a compression train where it is liquefied prior to disposal.  Some 15% of the CO2 escapes up 
the stack along with the other gases rejected from the scrubbing system.  The CO2 separation unit uses 
steam extracted from the steam cycle and the compression train requires a supply of cooling water. 
 
The HRSG generates steam at three different pressures superheated at 560°C and 120 bar, 560°C and 
27 bar and 319.1°C and 4.6 bar.  The latter is also the steam temperature and pressure supplied to the 
CO2 separation process.  The steam is expanded through three turbines generating electrical power 
through a generator after each expansion the steam is recombined, high pressure expansion with 
medium pressure steam and medium pressure expansion with low pressure steam in order to maximise 
efficiency. 
 

5.1.4 Assessment criteria scores 
 
The assessment criteria scores are summarised in Table 1 and the detailed results from the programs 
are given as appendices.  The overall safety hazards were considered to be relatively modest and the 
plant was classified as a 'risk', i.e. about the same as for a conventional power plant.  The raw 
materials used is primarily natural gas and therefore the process is classified overall as locally 
common.  There is no solid residue and the only other environmental impact may be from cooling 
water, or other liquid discharge, there is no useful byproduct non any harmful waste so the process has 
been classified as  benign.  There are 6 major units and 1 recycle, this being the carbon dioxide 
recycle.  The plant deviates little from a standard CCGT in most respects.  The process temperature is 
typical of modern gas turbines  (1200-1600K) and the pressure is moderate (10-60 bar).  The process 
uses well-proven a steam cycle, a gas turbine which should cope with the lower oxygen concentration 
with only minor modifications and standard components for its CO2 separation system, only the 
interconnection of the various components may need development work.  The process novelty was 
therefore classified as requiring minor modification to bring it to commercial operation.  It is expect 
that this design could be completed using existing special alloys.   85% of the CO2 is retained for 
disposal so 85% is scored in the Greenhouse gas emissions category.  Predicted plant efficiency was 
47.78%.  Capital costs have been inflated by 1.5 for the HRSG unit and 1.2 for the steam cycle to 
allow for the extra complexity of the three pressure boiler system which has been used.  This results in 
a predicted operating cost of 3.75 c/kWh and a Costs score of 62.5% was calculated. 
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5.2 Catalytic Partial Oxidation Combined Cycle 
 
 

5.2.1 Process description 
 
In this process air and steam are used to partially oxidise natural gas.  A schematic of the process is 
given in Figure 4.  The air is taken from the gas turbine's air compressor (at 20 bar) and fed along with 
steam and the natural gas fuel into the partial oxidation unit.  In the catalytic partial oxidation unit the 
natural gas is oxidised over a nickel based catalyst to a gas containing about 29% hydrogen  9% CO, 
6% CO2 and 31% water.  A small amount of heat is recovered as saturated steam for the steam cycle 
prior to the gas undergoing both high and low temperature shift reactions in a pair of CO shift 
converters.  Energy is recovered from the shift reaction in the form of preheat to the fuel gas after the 
next stage.  The shifted gas is then passed into a CO2 separation unit.  This consists of two towers, in 
the first of which CO2 is absorbed in MDEA and in the second the MDEA is stripped releasing CO2 
for disposal.  The gas is then reheated by heat exchange with the gas going through the shift reactors 
and is then fed to the turbine combustion chamber at this point the gas composition is 53% hydrogen 
and 43% nitrogen.   
The gas is burned in a single combined cycle unit generating approximately 500MWe.  The turbine 
pressure ratio is 20:1 and a 1400°C firing temperature has been assumed.  The heat in the expansion 
gases is recovered in a bottoming steam cycle via a three pressure heat recovery system similar to that 
described in Section 5.2. 
 

5.2.2 Assessment criteria scores 
 
The assessment criteria scores are summarised in Table 1 and the detailed results from the programs 
are given as appendices.  The overall safety hazards were considered to be relatively modest and the 
plant was classified as a 'risk', i.e. about the same as for a conventional power plant.  The raw 
materials used is primarily natural gas and therefore the process is classified overall as locally 
common.  There is no solid residue and the only other environmental impact may be from cooling 
water, or other liquid discharge, there is no useful byproduct non any harmful waste so the process has 
been classified as  benign.  There are 7 major units and 1 'recycle', this being the air extracted from the 
turbine compressor.  The plant deviates little from a standard CCGT in most respects, other than air 
extraction from the turbine compressor  and use of a hydrogen rich fuel gas.  The process temperature 
is typical of modern gas turbines  (1200-1600K) and the pressure is moderate (10-60 bar).  The 
process uses well-proven a steam cycle, a gas turbine which should cope with the hydrogen rich gas 
with only minor modifications and standard components for its CO2 separation system.  Two items 
which may need more work are scaling up the catalytic reactor and the interconnection of the various 
components may need development work.  However, it was considered that the process novelty was 
classified as requiring minor modification to bring it to commercial operation.  It is expect that this 
design could be completed using existing special alloys.   86% of the CO2 is retained for disposal so 
86% is scored in the Greenhouse gas emissions category.  Predicted plant efficiency was 49.64%.  
Capital costs have been inflated by 1.5 for the HRSG unit and 1.2 for the steam cycle to allow for the 
extra complexity of the three pressure boiler system which has been used.  This results in a predicted 
operating cost of 4.46 c/kWh and a Costs score of 55.4% was calculated. 
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5.3 Coal Fired Oxygen Blown PFBC 
 

5.3.1 Process description 
 
A diagram of this scheme is given in Figure 5. Bituminous coal is burnt in a fluidised bed combustor 
with an inlet pressure of 25 bar and an operating temperature of 850°C. The gas feed to the combustor 
is a mixture of oxygen, from a cryogenic air separation plant, and recycled flue gas, which is mainly 
carbon dioxide. The operating pressure is higher than that of a conventional air blown PFBC 
(typically 13-18 bar) to counteract the effects of using CO2 instead of N2 as the main expansion gas. 
The product from the combustor is expanded to atmospheric pressure in a turbine which generates 
shaft power to drive the feed gas compressor and a generator. The gas from the expander is cooled by 
heat exchange with boiler feed water and cooling water and condensed water is then separated. Some 
of the cooled flue gas is recycled to the compressor and the rest, consisting mainly of CO2, is 
compressed to 110 bar for disposal. In the bottoming cycle high pressure water is preheated using heat 
from the expander output and is evaporated and superheated in tubes within the fluidised bed 
combustor. The steam is then partly expanded in a high pressure steam turbine, reheated in tubes in 
the combustor and returned to the steam turbine, where the expansion is completed. The amount of 
heat extracted from the tubes in the PFBC can be varied by varying the amount of recycle flue gas. 
Increasing the amount of recycle gas reduces the amount of heat available for steam generation, and 
hence the steam turbine output but increases the gas turbine output. For the base case PFBC in this 
study the amount of heat extracted from the in-bed steam tubes was varied so that 15-20% of the total 
power was generated in the gas turbine, the same as in conventional air blown PFBCs.  The fuel feed 
was set at 40 kg/s of Drayton coal.  This gives a gross power output of about 430 MW, similar to a 
conventional air blown ABB P800 PFBC1. This is considered to be a reasonable size for a commercial 
power plant. 
 
Two variants of this scheme were also assessed, as specified by IEA GHG. In one scheme the 
bottoming cycle was a supercritical steam cycle, operating at higher pressures and temperatures than 
in the base case (240 bar, 565/565°C compared to 125 bar, 538/538°C). In the other scheme the gas 
output from the PFBC was supplementary fired to 1300°C with natural gas. The combustor pressure 
was increased to 40 bar to increase the energy extraction in the gas turbine but despite the pressure 
increase the turbine exhaust temperature was substantially higher than in the base case. The coal input 
was kept the same in all of the PFBC cases. 
 

5.3.2 Assessment criteria scores 
 
The assessment criteria scores are given in Table 1 and the detailed results from the program are given 
in the Appendices.  It should be noted that the changes in gas property routines have resulted in minor 
efficiency, and cost changes which impact the overall assessment.  The overall safety hazards were 
considered to be relatively modest and the plant was classed as a ‘risk’, i.e. the classification 
appropriate for a conventional power station.  The process includes a large pressure vessel containing 
hot materials and streams of pressurised oxygen, which can be hazardous.  Coal is a combustible 
material but the particle sizes used in PFBC are not as prone to explosions as pulverised coal.  The 
process consumes limestone for sulphur retention.  Limestone is a moderately common and widely 
distributed mineral and large quantities are used by the building industry.  Raw material availability 
was classed as ’locally common’.  When CO2 is being recovered it may not be necessary to use 
limestone for sulphur retention as it may be possible to include SO2 with the CO2 for disposal.  If this 
was the case there would be no significant non-fuel raw materials and a classification of ‘universally 
common’ would be applied.  The only major outputs from the process are water, solid waste and high-
CO2 flue gas for disposal.  The solid waste from a conventional PFBC is relatively benign and should 
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be useable as a construction material, e.g. in roads.  The environmental impact was classed as ’totally 
benign waste’, as a compromise between ‘useful by-product’ (representing utilisation of the solid 
waste) and ‘mildly harmful waste’ (representing disposal of the waste).  The process includes 8 major 
process units (solids handling, PFBC, gas turbine, heat recovery unit, steam turbine, oxygen plant, 
CO2 compression and electrical system) and one major recycle (flue gas).  The water recycle in the 
steam cycle is not classed as a recycle from the point of view of complexity, as it is simpler to operate 
the plant with recycle water than on a once-through basis.  Process pressures and temperatures in the 
novel components are moderate (<1200K and 10-60 bar).  The process uses gas and steam turbines, 
which are well proven technologies, and pressurised fluidised bed combustion, which is at the 
commercial demonstration stage of development.  However, the design of the combustor and the use 
of recycle gas in the gas turbine are novel.  Overall the process was classed as a ‘minor modification’.  
Some existing special alloys will be required.  The predicted efficiency of the plant was 30.59%, 
resulting in a fuel consumption score of 30.6%.  The predicted cost of electricity was 6.6 c/kWh, 
resulting in a cost score of 33.9%. 
 
All of the assessment criteria except cost and fuel consumption are the same for the supercritical 
steam and base case plants. Although the steam conditions are more severe, supercritical steam 
turbines and boilers are proven equipment so the process should not be penalised for using them.  The 
efficiency is higher (34.12%), resulting in a lower fuel consumption, and the cost of electricity is 
lower (6.21 c/kWh), both of which result in higher assessment criteria scores.  The specific capital 
costs of the PFBC and steam turbine were assumed to be 10% higher than in the base case  (i.e. a cost 
multiplier of 1.1 was used in the spreadsheet) to allow for the higher steam conditions.  A detailed 
costing, well beyond the scope of this study, would be required to accurately determine the effects of 
steam conditions on the equipment costs but the extra costs of moderate supercritical conditions are 
known to be small. 
 
The assessment criteria are the same for the supplementary fired and base case plants, except for 
process conditions, cost and fuel consumption.  The gas combustor in the supplementary fired variant 
was not considered to be significant enough to be classed as an extra process unit.  The process 
conditions are more severe (1200-1600K instead of 1200K), resulting in a lower assessment criteria 
score.  The efficiency is higher (35.59%) and the cost of electricity is lower (5.61 c/kWh), giving 
higher scores. 
 

5.4 Natural Gas Combined Cycle Including Barium Oxide/Peroxide Oxygen Production  
 

5.4.1 Process description 
 
A diagram of this scheme is given in Figure 6.  The novel feature of the cycle is the use of the 
decomposition of BaO2 to BaO to provide oxygen for combustion of methane (natural gas). An 
atmospheric pressure combustion cycle using barium oxide/peroxide to produce oxygen has been 
proposed by Dr Wolsky of Argonne National Laboratory2.  
 
BaO2 is decomposed to BaO and O2, which reacts with methane in the combustor/decomposer vessel. 
The reactor operates at 1300°C and 40 bar. The operating temperature in the decomposer is higher 
than at atmospheric pressure because the higher pressure inhibits BaO2 decomposition and because a 
high temperature is required to give a high gas turbine cycle efficiency. The temperature is moderated 
by recycle flue gas, with a high CO2 content. The hot gas is expanded to atmospheric pressure in a gas 
turbine and is then cooled in a heat recovery steam generator followed by a water cooler.  Condensed 
water is separated and some of the gas is recompressed and fed back to the combustor. The rest is 
compressed to a pressure of about 110 bar, suitable for disposal.  BaO is removed from the base of the 
combustor/decomposer vessel, possibly after partial cooling by contact with the recycle CO2. It is then 
let down to atmospheric pressure and fed to a separate vessel, where it is contacted with air. The 



 

\\Server1\Company\Ph3 reports\Ph3-16 Adv Systems Assessment\IEAREP.DOC 17

oxygen in the air reacts with the BaO, giving BaO2 and a nitrogen rich vent gas. Water vapour and if 
possible CO2 should be removed from the air, as in cryogenic air separation plants, to avoid 
deactivation reactions producing barium hydroxide and carbonate. The BaO2 is then repressurised in 
lock hoppers and fed back to the combustor/decomposer vessel. The BaO oxidation vessel has to be 
cooled using steam generator tubes, because the reaction is highly exothermic. The operating 
temperature of the oxidiser is important for the overall cycle efficiency. The temperature should be 
high enough to generate steam at high pressure to give a high steam cycle efficiency. For this 
assessment to steam conditions were assumed to be the same as for the PFBC base case, ie 125 bar, 
538/538°C. The fuel feed was assumed to be 20 kg/s of methane, resulting in about the same energy 
input as the PFBC base case. 
 

5.4.2 Assessment criteria scores 
 
The assessment criteria scores are given in Table 1 and the detailed results from the program are given 
in the Appendices.  The process was classed as being a ’major in-plant safety risk’, broadly similar to 
a refinery or petrochemical plant.  Barium oxide is highly reactive with water and carbon dioxide and 
barium oxides are regarded as a definite fire hazard.  Such fires spread rapidly and are difficult to 
extinguish3.  Barium ions are very toxic to the heart, a dose of 1g can be fatal3.  The process does not 
consume raw materials except fuel, as the barium compounds are recycled within the process.  
However, some make-up will be required to compensate for minor losses.  Barium-containing 
minerals (e.g. barite and witherite) are moderately common and widely distributed and are already 
used industrially, e.g. in oil field drilling fluids.  The only outputs to the environment are nitrogen, 
water and high-CO2 flue gas for disposal, although all of these are likely to contain small amounts of 
barium compounds.  The process was classed as producing mildly harmful waste.  Process pressures 
and temperatures in the novel components are moderate, being similar to those in some conventional 
power generation processes.  The process is relatively simple, consisting of 7 major process units 
(BaO2 decomposer/combustor, BaO2 regenerator, gas turbine, heat recovery unit, steam turbine, CO2 
compression and electrical systems) and 2 major recycles (flue gas and barium compounds).  The 
process uses gas and steam turbines, which are in principle conventional well proven technologies, 
and oxygen production using barium oxides, which was the main industrial method of producing 
oxygen before the advent of cryogenic separation.  However, the integration and pressurisation of the 
oxygen generator, the design of the combustor and the use of recycle gas in the gas turbine are all 
novel.  Overall the process has been classed as a ‘major modification’.  Greenhouse gas emissions 
should be almost zero, as essentially all of the CO2 in the feedstock is contained in the concentrated 
flue gas and there are no other significant outputs of greenhouse gases.  The estimated efficiency of 
the cycle is 45.3%.  About half of the heat of combustion of the methane fuel is used to heat and 
decompose BaO2, with the rest becoming an input to the combined cycle.  Most of the heat absorbed 
by the barium oxide is transferred to the steam cycle in the regenerator but as the steam cycle is less 
efficient than the combined cycle this reduces the overall cycle efficiency.  For the cost estimation, the 
closest analogy to the barium peroxide decomposer/combustor was considered to be a pressurised 
fluidised bed combustor.  The closest analogy to the barium peroxide regenerator was considered to 
be an atmospheric pressure circulating fluidised bed combustor.  This does not mean that the reactors 
would necessarily be fluidised beds but the overall size, complexity and cost may be similar.  Further 
investigation of reaction thermodynamics would be required as part of a more detailed assessment to 
accurately estimate plant sizes and costs. 
 

5.5 Decision factor scores 
 
The decision factor scores for both the newly assessed and the reassessed processes are given in Table 
2.  The High efficiency MHD case shows the lowest (i.e. worst) scores in the confidence and 
estimated costs decision factor scores.  The reasons for this are partly because it was considered to be 
the least well developed of all the processes, combined with the extreme process conditions and also 
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its poor retention of CO2, which impacts heavily on the Estimated Costs decision factor.  It scores very 
highly in the Applicability category because of its exceptionally high efficiency.  The oxygen-coal 
fired MHD scheme with CO2 recycle scores lower in the applicability rating but shows improved 
confidence and estimated cost decision factor scores.  However, these are still much lower than the 
CCGT and PFBC based schemes. 
 
The decision factor scores are lower for the barium oxide cycle than for the PFBC cycles.  The 
‘estimated cost’ score is lower because the higher overall operating cost criteria score is more than 
offset by a lower confidence in the cost estimate due to the greater novelty of the process.  The 
‘acceptance’ score is lower because of greater concerns about safety and environmental impact.  The 
‘confidence in whether it will work’ score is lower because of the greater novelty, complexity and 
severity of process conditions.  The ‘applicability’ score for the barium oxide cycle is higher than for 
the PFBC base case but lower than for the PFBC sensitivity cases.  The barium oxide cycle has a 
lower score than the PFBC cycle for raw material availability but a better score for fuel consumption, 
due to a higher thermal efficiency.  The relatively poor scores for the barium oxide cycle are due 
largely to the unproven nature of the process and technical uncertainties, for example concerns about 
safety and environmental emissions.  If the process was successfully developed and these concerns 
were overcome, it may achieve better scores than the PFBC cycles.   
 
The supercritical PFBC cycle has slightly better scores than the base case for the ‘estimated cost’ and 
‘applicability’ decision factors, due to its lower operating cost and lower fuel consumption.  The 
supplementary fired cycle has even better scores for ‘estimated cost’ and ‘applicability’ but a lower 
score for ‘confidence in whether it will work’, due to the use of more severe process conditions. The 
‘acceptance’ scores are the same for all of the PFBC variants. 
 
The two CCGT based cycles appear to offer advantages over both the PFBC based cycles and the 
MHD cycles having the best all round scores resulting from a combination of low costs, high 
efficiency and minimal development requirements.  Although these schemes do not retain 100% of 
the CO2 produced, however, as the ratings stand this does not count too heavily against them.  The 
partial oxidation offers the highest efficiency of the pair giving it the edge in the applicability decision 
factor but has lower confidence and estimated cost factors, this is because of the more complex plant 
arrangement and higher operating costs. 
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6 CONCLUSIONS 
 
• The methodology and computer program for preliminary assessment of novel power generation 

schemes with CO2 abatement has been enhanced and used to assess a range of  novel cycles.  The 
methodology is centred around a multi-criteria analysis, with ten assessment criteria feeding into 
four overall decision factors. 

 
• Two MHD based schemes, a partial CO2 recycle and a catalytic oxidation scheme were newly 

assessed for this project.  Three oxygen blown coal fired PFBC cycles with flue gas recycle were 
reassessed. 

 
• The MHD cycles showed high efficiency and good raw material availability resulting in high 

Applicability scores.  However, the confidence, estimated costs and acceptance reported lower 
figures  because of a combination of extreme conditions, development requirements and in the case 
of High efficiency MHD poor CO2 retention performance.  

 
• The scheme based on modified CCGT cycles showed good all round performance reporting high 

scores in all decision factor categories. 
 
• The PFBC cases comprised a base case, a plant with a supercritical steam cycle and a 

supplementary fired cycle.  There were only small differences in the decision factor scores for the 
three options, due to differences in efficiency, costs and process conditions.  

 
• A natural gas combined cycle integrated with a barium oxide/peroxide oxygen production process 

was assessed.  This process achieved generally lower decision factor scores than the PFBC cycles, 
due mainly to its novelty and concerns about safety and environmental emissions.  If the process 
became proven at a large scale it could be attractive, due to its potentially high efficiency and low 
cost. 

 
• The Assessment criteria scores have been changed since the first version of the program in order to 

provide a more meaningful assessment. 
 
• Physical property routines have been extended to cover CO2 properties around the saturation line. 
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7 RECOMMENDATIONS FOR FUTURE WORK 
 
• The Assessment criteria scores have been changed  since the first version of the program in order 

to provide a more meaningful assessment.  These are highly subjective and a consensus may need 
to be reached between experts both on the exact definition of the terms and on the scoring 
mechanism. 

  
• Different sets of weightings could be used to represent different countries and timescales.  

However, this would require considerable research to ensure that balance was maintained between 
the various components 

 
• Conventional power generation processes, such as pulverised coal combustion and natural gas 

fired CCGTs should be assessed to provide reference processes against which to compare novel 
processes. 

 
• The program should be used to assess a wide range of novel power generation processes as part of 

IEA GHG’s on-going programme of work. 
 
• The program could be modified to allow for ‘showstopper’ scores, which result in automatic 

rejection of a process. 
 
• More process units and their costs could be included in the capital cost database, when required. 
 
• The physical properties calculation routines associated with the T-S diagram and efficiency 

prediction section of the program could be expanded.  This could include liquefaction of high 
pressure CO2 and other non-steam process fluids. 

 
• Further investigation could be carried out on both of the CCGT based schemes and the barium 

oxide/peroxide combined cycle, including reaction thermodynamics, optimisation of operating 
conditions, outline equipment design, sizing and costing.  
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TABLE 1  ASSESSMENT CRITERIA  SCORES  
 
 
 

 
 

A S S E S S M E N T  C R IT E R IA D E C IS IO N  F A C T O R S

C r ite r ia W e ig h tin g

T o ta l o p e ra t in g  c o s t 5 0
G re e n h o u s e  g a s  e m is s io n s 2 5 E s tim a te d  C o s t
N o v e lty  o f  p ro c e s s 2 5

S a fe ty 6 0 A c c e p ta n c e
E n v iro n m e n ta l im p a c t 4 0

O V E R A L L  A T T R A C T IV E N E S S
C o m p le x ity 2 5
N o v e lty  o f  p ro c e s s 2 5 C o n f id e n c e  in
N o v e lty  o f  m a te r ia ls 2 5 w h e th e r  it  w ill w o rk
P ro c e s s  c o n d it io n s 2 5

R a w  m a te r ia l a v a ila b ility 6 0 A p p lic a b ility
F u e l c o n s u m p tio n 4 0
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TABLE 2  DECISION FACTOR  SCORES  
 

 
 

Process Name MHD with CO2 
Recycle

MHD (high 
efficiency)

Partial CO2 
Recycle CCGT

Catalytic Partial 
Oxidation CC

PFBC with CO2 
Recycle

PFBC with CO2 
Recycle 

(Supercritical)

PFBC with CO2 
Recycle 

(Supplementary 
Fired)

BaO Combined 
Cycle

Power Output MWe 521.07 1201.23 666.05 489.52 302.27 337.12 462.77 453.54
Efficiency % 43.42 64.84 47.78 49.64 30.59 34.12 35.59 45.34

CO2 Emitted kg/kWh 0.000 0.571 0.066 0.059 0.000 0.000 0.000 0.000
CO2 Emitted Annually ktonnes 0 4810 309 202 0 0 0 0
CO2 to 'Storage' Annually ktonnes 2753 0 1753 1241 2386 2386 2818 1388

Capital Cost M$ 830.49 1049.55 490.47 450.81 698.21 737.58 840.24 628.71
Operating Cost c/kWh 4.54 2.62 3.74 4.43 6.61 6.16 5.66 5.16

Multi Criteria Assessment
Decision Factors

APPLICABILITY 71.4 79.9 73.1 73.9 66.2 67.6 68.2 54.1
CONFIDENCE 61.9 54.4 82.5 81.3 82.5 82.5 80.0 71.3
ESTIMATED COSTS 67.3 51.9 76.3 73.1 65.7 68.0 70.5 64.2
ACCEPTANCE 56.0 56.0 68.0 68.0 68.0 68.0 68.0 38.0
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FIGURE 1  Assessment Criteria, Weightings and Decision Factors 

 

ASSESSMENT CRITERIA DECISION FACTORS

Criteria Weighting

Total operating cost 50
Greenhouse gas emissions 25 Estimated Cost
Novelty of process 25

Safety 60 Acceptance
Environmental impact 40

OVERALL ATTRACTIVENESS
Complexity 25
Novelty of process 25 Confidence in
Novelty of materials 25 whether it will work
Process conditions 25

Raw material availability 60 Applicability
Fuel consumption 40
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FIGURE 2 Schematic Diagram for MHD System with CO2 Recycle 
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FIGURE 3 Schematic Diagram for CCGT System with Partial CO2 Recycle 
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FIGURE 4 Schematic Diagram for CCGT System with Partial Catalytic Oxidation 
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FIGURE 5 Schematic Diagram for PFBC Schemes with CO2 Recycle 
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FIGURE 6 Schematic Diagram for BaO Combined Cycle 
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APPENDIX 1 

 

 

CHANGES BETWEEN VERSION 1.0 AND 1.1 OF PPAP 
 
The following major changes have been made to the IEA Power Plant Assessment Program. 
 
• Converted to Excel 97 format and macros re-coded in VBA. 
• Macros made more robust. 
• New CO2 gas properties library developed and added for more accurate determination of CO2 

based cycles. 
• Gas cycle calculations modified for new property routines. 
• Gas cycle calculations updated. 
• Menu structure replaced.  All IEA related menus under one item.  Custom menu now clears when 

application not active or closed down. 
• Multi-criteria analysis method modified. 
• Results summarised on separate sheet for linking to comparison program. 
• Online Help added. 
• Assessment scores changed to percentages to make interpretation of results easier. 
• Many small modifications to enable a wider range of processes to be handled. 



 
 
 
 

APPENDIX 2 
 

ASSESSMENT PROGRAM PRINTOUTS 
 
 

OXYGEN BLOWN MHD WITH CO2 RECYCLE 
 



23/10/2003 Untitled

Gas Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 11a
Air Supply Comp1 Inter Comp2 Preheat Burn1 Exp1 Burn2 Exp2 Burn3 Exp3 MHD Exit'

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure (bar) 1.01 8.5 8.5 8.5 8 8 8 8 8 8 8 2
Temperature (C) 30 223.1818 223.1818 223.1818 1290 2563 2563 2563 2563 2563 2563 2143

Composition (Mass Frac)
CO 28.01 0 0 0 0 0 0 0 0 0 0 0 0
H2 2.016 0 0 0 0 0 0 0 0 0 0 0 0
CO2 44.01 0.66 0.66 0.66 0.66 0.66 1 1 1 1 1 1 1
CH4 16.04 0 0 0 0 0 0 0 0 0 0 0 0
C2H6 30.07 0 0 0 0 0 0 0 0 0 0 0 0
C3H8 44.09 0 0 0 0 0 0 0 0 0 0 0 0
C4H10 58.12 0 0 0 0 0 0 0 0 0 0 0 0
N2 28.02 0 0 0 0 0 0 0 0 0 0 0 0
AR 39.94 0 0 0 0 0 0 0 0 0 0 0 0
SO2 64.06 0 0 0 0 0 0 0 0 0 0 0 0
NO 30.01 0 0 0 0 0 0 0 0 0 0 0 0
H2O 18.016 0 0 0 0 0 0 0 0 0 0 0 0
O2 32 0.34 0.34 0.34 0.34 0.34 0 0 0 0 0 0 0

Sum 1 1 1 1 1 1 1 1 1 1 1 1

Specific Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Specific Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Gas Cycle



23/10/2003 Untitled

11b 12 13 14 15
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Gas Cycle T-S diagram 
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Steam Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 12
Condenser LPE DA Exit BFWP HPE Boiler SuperheateExpan 1 RH 1 Expan 2 RH 2 IP Expan

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure 0.051 2 2 285 270 265 240 50 45 45 45 5
Temperature 32 34 120 124 350 400 565 325 565 565 565 264
Quality 0 0 0 0 0 1 1 1 1 1 1 1

Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Steam Cycle



23/10/2003 Partial CO2 Recycle CCGT

13
LP Expan

1
0.051

33
0.9

#NAME?

#NAME?

Steam Cycle



23/10/2003 Partial CO2 Recycle CCGT

14
Condenser

1
0.051

32
0

#NAME?

#NAME?

Steam Cycle



23/10/2003 Untitled

Steam Cycle T-S diagram
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 48 1 1 14.12
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 92.4 1 1 154.47
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 46.95417 1 1 47.66
Gas turbine, complete MWe 0 0 1 0.00
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.5 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1.1 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 0 0 1 0.00
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
MHD System User Defined 336 1 103.90
Combustors User Defined 1 1 5.15
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing



23/10/2003 Untitled

Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 1.5000 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 47.5 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 61.9

WILL WORK

Plant Complexity
No. of major units 8 50 25
No. of major recycles 2

Novelty of Process 60 25

Greenhouse Gas Emissions 100 100 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Locally Common

Major modifications

>2000K

<10bar

Analysis
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 60 60
ACCEPTANCE 56.0

Environmental Impact 50 40

Risk

Mildly harmful waste

Analysis



Results of Analysis

Summary

Process: MHD with CO2 Recycle

Heat Input 1200.0 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %
CO2 output/ kg/s 0.0 kg/s
CO2 output/kWh #NAME? kg/kWh 

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 56.0
Applicability #NAME?
Confidence 61.9
Estimated Cost #NAME?



 
 

APPENDIX  3 
 

ASSESSMENT PROGRAM PRINTOUTS 
 
 

AIR BLOWN HIGH EFFICIENCY MHD  
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 65 1 1 15.94
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 0 0 1 0.00
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 0 0 1 0.00
Gas turbine, complete MWe 0 0 1 0.00
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 2 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1.2 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 0 0 1 0.00
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
MHD System User Defined 944 1 350.00
Combustors User Defined 1 1 6.56
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing
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Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 1.5000 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 47.5 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 50 25 IN WHETHER IT 54.4

WILL WORK

Plant Complexity
No. of major units 6 60 25
No. of major recycles 2

Novelty of Process 60 25

Greenhouse Gas Emissions 0 0 25 ESTIMATED
COSTS #NAME?

Costs

New Special Alloy

Locally Common

Major modifications

>2000K

<10bar

Analysis
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 60 60
ACCEPTANCE 56.0

Environmental Impact 50 40

Risk

Mildly harmful waste

Analysis
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Results of Analysis

Summary

Process: MHD (high efficiency)

Heat Input 1852.5 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %
CO2 output/ kg/s 190.7 kg/s
CO2 output/kWh #NAME? kg/kWh 

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 56.0
Applicability #NAME?
Confidence 54.4
Estimated Cost #NAME?

Results
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ASSESSMENT PROGRAM PRINTOUTS 

 
 

CCGT WITH PARTIAL CO2 RECYCLE 
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Steam T-S diagram Chart 1

Steam Cycle T-S diagram
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 0 0 1 0.00
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 0 0 1 0.00
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 29.89506 1 1 30.35
Gas turbine, complete MWe #NAME? 1 1 #NAME?
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.5 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1.2 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 0 0 1 0.00
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
CO2 Sepn User Defined 1 1 30.00
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing



23/10/2003 Partial CO2 Recycle CCGT

Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 3.0000 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 80 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 82.5

WILL WORK

Plant Complexity
No. of major units 6 65 25
No. of major recycles 1

Novelty of Process 95 25

Greenhouse Gas Emissions 85 85 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Locally Common

Minor modifications

1200K-1600K

10-60 bar

Analysis
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 60 60
ACCEPTANCE 68.0

Environmental Impact 80 40

Risk

Benign Waste

Analysis
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Results of Analysis

Summary

Process: Partial CO2 Recycle CCGT

Heat Input 1393.9 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %
CO2 output/ kg/s 12.3 kg/s
CO2 output/kWh #NAME? kg/kWh 

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 68.0
Applicability #NAME?
Confidence 82.5
Estimated Cost #NAME?

Results



 
APPENDIX  5 

 
ASSESSMENT PROGRAM PRINTOUTS 

 
 

PARTIAL CATALYTIC FUEL OXIDATION 
BASED CCGT 
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Steam Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 12
Condenser LPE DA Exit BFWP HPE Boiler SuperheateExpan 1 RH 1 Expan 2 RH 2 IP Expan

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure 0.04 1.2 2 191 171 171 166 50 37 37 37 7
Temperature 29 95 120 123 352 353 565 364 565 565 565 319.1
Quality 0 0 0 0 0 1 1 1 1 1 1 1

Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Steam Cycle
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Steam Cycle T-S diagram
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 0 0 1 0.00
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 0 0 1 0.00
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 19.70954 1 1 20.01
Gas turbine, complete MWe #NAME? 1 1 #NAME?
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.5 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1.2 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 0 0 1 0.00
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
CO2 Seperation User Defined 1 1 38.00
Catalytic Oxidation User Defined 1 1 46.00
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing
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Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 3.5675 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 80 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 81.3

WILL WORK

Plant Complexity
No. of major units 7 60 25
No. of major recycles 1

Novelty of Process 95 25

Greenhouse Gas Emissions 86 86 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Locally Common

Minor modifications

1200K-1600K

10-60 bar

Analysis
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 60 60
ACCEPTANCE 68.0

Environmental Impact 80 40

Risk

Benign Waste

Analysis



Results of Analysis ########

Summary

Process: Catalytic Partial Oxidation CC

Heat Input 986.2 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %
CO2 output/ kg/s 8.0 kg/s
CO2 output/kWh #NAME? kg/kWh 

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 68.0
Applicability #NAME?
Confidence 81.3
Estimated Cost #NAME?
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ASSESSMENT PROGRAM PRINTOUTS 

 
 

OXYGEN BLOWN PFBC WITH CO2 RECYCLE 
 

BASE CASE 
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ASSESSMENT PROGRAM PRINTOUTS 
 
 

OXYGEN BLOWN PFBC WITH CO2 RECYCLE 
SUPERCRITICAL STEAM CYCLE CASE 
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Plant Components

Choose the major plant components which are the closest match to the design you are assessing,
Then adjust fuel specification below:

Number of UNominal Size Units
Units

Gas Turbine 1 #NAME? MWe

Steam Turbine 1 #NAME? MWe

Combustor 1 28.0 kg/s fuel

Gasifier 0 0.0 kg/s fuel

Air Separation Unit 1 80 kg/s O2
O2 compression Press. 1.22 bar
HRSG 1 #NAME? MW

FGD 0

H2S Removal 0

Other major plant item 0

CO2 Separation 0

CO2 Compression 1
To Pressure 110 bar

Fuel Cell 0

Fuel Type

Steam Cycle Type

Sub Critical

SuperCritical

Combustor Type

PF

FBC

CFBC

PFBC

Solid

Liquid

Gaseous

Plant Components
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Mass & Energy Balance  

This datasheet requires some details on the feed and outlet streams of the process: 
Please enter data for figures shown in blue

Basis : Flow LCV kg Carbon /kg Carbon Balance
kg/s kJ/kg kg/s

Fuel 40 24700 0.646 25.84

Other Materials 1.9 0 0.12 0.228

Residue 7 0 0.04 0.28

% CO2 recovered = 100

CO2 recovered 94.56 0 0.273 25.788
CO2 emitted 0.00 0 0.273 0

Gross available energy 24700 kJ/kg fuel Scroll Down for more
988000 kJ Total  |

Percent of Input Fuel V
direct to combustion 70% 17290   |
or steam cycle V

Percent of Input Fuel 
to gasification system 0% 0   
Heat recovered from gasifier  
to steam cycle 10% 0
Energy Losses processing
Fuel in Gasification 10% 0 <== Usable energy from Gasification, Assumed to 
Percent of Input Fuel         go to Gas Cycle (ie GT)
direct to electrical power 0% 0 <==Representing Fuel cells, MHD or such like

Mass and Energy Balance



23/10/2003 Untitled

Gas Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 12
Air Supply Comp1 Inter Comp2 Preheat Burn1 Exp1 Burn2 Exp2 Burn3 Exp3 Cooler

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure (bar) 1.01 25 25 25 25 24 1.05 1.05 1.05 1.05 1.05 1.05
Temperature (C) 30 327 327 327 327 850 468 468 468 468 468 468

Composition (Mass Frac)
CO 28.01 0 0 0 0 0 0 0 0 0 0 0 0
H2 2.016 0 0 0 0 0 0 0 0 0 0 0 0
CO2 44.01 1 1 1 1 1 1 1 1 1 1 1 1
CH4 16.04 0 0 0 0 0 0 0 0 0 0 0 0
C2H6 30.07 0 0 0 0 0 0 0 0 0 0 0 0
C3H8 44.09 0 0 0 0 0 0 0 0 0 0 0 0
C4H10 58.12 0 0 0 0 0 0 0 0 0 0 0 0
N2 28.02 0 0 0 0 0 0 0 0 0 0 0 0
AR 39.94 0 0 0 0 0 0 0 0 0 0 0 0
SO2 64.06 0 0 0 0 0 0 0 0 0 0 0 0
NO 30.01 0 0 0 0 0 0 0 0 0 0 0 0
H2O 18.016 0 0 0 0 0 0 0 0 0 0 0 0
O2 32 0 0 0 0 0 0 0 0 0 0 0 0

Sum 1 1 1 1 1 1 1 1 1 1 1 1

Specific Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Specific Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Gas Cycle
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13 14 15
HRSG Stack Ambient

1 1 1
1.01 1.01 1.01
125 125 30

0 0 0
0 0 0
1 1 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

1 1 1

#NAME? #NAME? #NAME?
#NAME? #NAME? #NAME?
#NAME? #NAME? #NAME?

Gas Cycle



23/10/2003 Untitled

Gas Cycle T-S diagram 
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 40 1 1 13.13
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 80 1 1 139.65
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 40.68731 1 1 41.30
Gas turbine, complete MWe #NAME? 1 1 #NAME?
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.3 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1.1 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 988 1 1.1 135.62
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing
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Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 1.5000 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 90 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 85.0

WILL WORK

Plant Complexity
No. of major units 6 65 25
No. of major recycles 1

Novelty of Process 95 25

Greenhouse Gas Emissions 100 100 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Locally Common

Minor modifications

<1200K

10-60 bar

Analysis
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 80 60
ACCEPTANCE 80.0

Environmental Impact 80 40

Small Risk

Benign Waste

Analysis



23/10/2003 Untitled

Results of Analysis ########

Summary

Process: PFBC with CO2 Recycle (Supercritical)

Heat Input 988.0 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %

CO2 output/MWe #NAME? kg/Mwe

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 80.0
Applicability #NAME?
Confidence 85.0
Estimated Cost #NAME?

Results



 
 
 
 

APPENDIX  8 
 

ASSESSMENT PROGRAM PRINTOUTS 
 
 

OXYGEN BLOWN PFBC WITH CO2 RECYCLE 
SUPPLEMENTARY FIRED CASE



23/10/2003 Untitled

Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 46.24 1 0.865 12.03
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 105 1 1 168.93
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 48.07162 1 1 48.80
Gas turbine, complete MWe #NAME? 1 1 #NAME?
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.3 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 1300.142 1 0.76 116.72
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing
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Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 1.8602 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 90 60

Process Conditions
Temperature 80 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 82.5

WILL WORK

Plant Complexity
No. of major units 6 65 25
No. of major recycles 1

Novelty of Process 95 25

Greenhouse Gas Emissions 100 100 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Locally Common

Minor modifications

1200K-1600K

10-60 bar

Analysis
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Results of Analysis ########

Summary

Process: PFBC with CO2 Recycle (Supplementary Fired)

Heat Input 1300.1 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %

CO2 output/MWe #NAME? kg/Mwe

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 80.0
Applicability #NAME?
Confidence 82.5
Estimated Cost #NAME?

Results
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Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 80 60
ACCEPTANCE 80.0

Environmental Impact 80 40

Small Risk

Benign Waste

Analysis



 
 
 
 

APPENDIX  9 
 

ASSESSMENT PROGRAM PRINTOUTS 
 
 

NATURAL GAS FIRED COMBINED CYCLE  
INCLUDING BARIUM OXIDE/PEROXIDE OXYGEN PRODUCTION 
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Plant Components

Choose the major plant components which are the closest match to the design you are assessing,
Then adjust fuel specification below:

Number of UNominal Size Units
Units

Gas Turbine 1 #NAME? MWe

Steam Turbine 1 #NAME? MWe

Combustor 1 10.0 kg/s fuel

Gasifier 0 0.0 kg/s fuel

Air Separation Unit 0 80 kg/s O2
O2 compression Press. 1.22 bar
HRSG 1 #NAME? MW

FGD 0

H2S Removal 0

Other major plant item 1

CO2 Separation 0

CO2 Compression 1
To Pressure 110 bar

Fuel Cell 0

Fuel Type

Steam Cycle Type

Sub Critical

SuperCritical

Combustor Type

PF

FBC

CFBC

PFBC

Solid

Liquid

Gaseous

Plant Components
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Mass & Energy Balance  

This datasheet requires some details on the feed and outlet streams of the process: 
Please enter data for figures shown in blue

Basis : Flow LCV kg Carbon /kg Carbon Balance
kg/s kJ/kg kg/s

Fuel 20 50013 0.75 15

Other Materials 0 0 0 0

Residue 0 0 0 0

% CO2 recovered = 100

CO2 recovered 55.00 0 0.273 15
CO2 emitted 0.00 0 0.273 0

Gross available energy 50013 kJ/kg fuel Scroll Down for more
1000260 kJ Total  |

Percent of Input Fuel V
direct to combustion 50% 25006.5   |
or steam cycle V

Percent of Input Fuel 
to gasification system 0% 0   
Heat recovered from gasifier  
to steam cycle 10% 0
Energy Losses processing
Fuel in Gasification 10% 0 <== Usable energy from Gasification, Assumed to 
Percent of Input Fuel         go to Gas Cycle (ie GT)
direct to electrical power 0% 0 <==Representing Fuel cells, MHD or such like

Mass and Energy Balance
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Gas Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 12
Air Supply Comp1 Inter Comp2 Preheat Burn1 Exp1 Burn2 Exp2 Burn3 Exp3 Cooler

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure (bar) 1.01 40 40 40 40 38 1.05 1.05 1.05 1.05 1.05 1.05
Temperature (C) 30 380 380 380 380 1300 735 735 735 735 735 735

Composition (Mass Frac)
CO 28.01 0 0 0 0 0 0 0 0 0 0 0 0
H2 2.016 0 0 0 0 0 0 0 0 0 0 0 0
CO2 44.01 1 1 1 1 1 1 1 1 1 1 1 1
CH4 16.04 0 0 0 0 0 0 0 0 0 0 0 0
C2H6 30.07 0 0 0 0 0 0 0 0 0 0 0 0
C3H8 44.09 0 0 0 0 0 0 0 0 0 0 0 0
C4H10 58.12 0 0 0 0 0 0 0 0 0 0 0 0
N2 28.02 0 0 0 0 0 0 0 0 0 0 0 0
AR 39.94 0 0 0 0 0 0 0 0 0 0 0 0
SO2 64.06 0 0 0 0 0 0 0 0 0 0 0 0
NO 30.01 0 0 0 0 0 0 0 0 0 0 0 0
H2O 18.016 0 0 0 0 0 0 0 0 0 0 0 0
O2 32 0 0 0 0 0 0 0 0 0 0 0 0

Sum 1 1 1 1 1 1 1 1 1 1 1 1

Specific Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?
Specific Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Gas Cycle
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13 14 15
HRSG Stack Ambient

1 1 1
1.01 1.01 1.01
125 125 30

0 0 0
0 0 0
1 1 1
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

1 1 1

#NAME? #NAME? #NAME?
#NAME? #NAME? #NAME?
#NAME? #NAME? #NAME?

Gas Cycle
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Gas Cycle T-S diagram 

0

200

400

600

800

1000

1200

1400

1600

1800

2 2.5 3 3.5 4 4.5

Entropy

Te
m

pe
ra

tu
re

 in
 K

CO2 Sat. Line
Gas Cycle

Gas T-S diagram



23/10/2003 Untitled

Steam Cycle Flows

To enable a detailed study of the the process efficiency to be completed it is necessary to have details
of some of the process flows.  If no data is entered here a default calculations will estimate process
efficiency based on the components selected previously.

Stream No 1 2 3 4 5 6 7 8 9 10 11 12
Condenser LPE DA Exit BFWP HPE Boiler SuperheateExpan 1 RH 1 Expan 2 RH 2 IP Expan

Flow (kg/s) 1 1 1 1 1 1 1 1 1 1 1 1
Pressure 0.051 2 2 150 140 140 125 36 32 32 32 5
Temperature 32 34 120 122 336 337 538 350 538 538 538 285
Quality 0 0 0 0 0 1 1 1 1 1 1 1

Enthalpy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Entropy #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME? #NAME?

Steam Cycle
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13
LP Expan

1
0.051

33
0.91

#NAME?

#NAME?

Steam Cycle
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14
Condenser

1
0.051

32
0

#NAME?

#NAME?

Steam Cycle
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Steam Cycle T-S diagram
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Process Cost Estimation

Description Scaling Size No of Cost Predicted
parameter per unit units multiplier cost, M$

Solids handling kg/s 0 0 1 0.00
Coal pulverise+dry (gasif) kg/s feed 0 0 1 0.00
Oxygen production kg/s O2 0 0 1 0.00
Gasifier (Shell, inc hopper, cool/filt/scrub) MW fuel feed LHV  0 0 1 0.00
Acid gas removal (scrubbing) kmol/s feed gas 0 0 1 0.00
CFBC MW fuel feed LHV 0 0 1 0.00
CO2 compressor (motor driven) MWe 23.66642 1 1 24.02
Gas turbine, complete MWe #NAME? 1 1 #NAME?
Gas turbine, compressor only MW consumed
Gas turbine, turbine only MW
Gas turbine, generator only MWe
HRSG MWth transferred #NAME? 1 1.3 #NAME?
Steam turbine+pipes+cooling system MWe #NAME? 1 1 #NAME?
PF coal boiler MW fuel feed LHV 0 0 1 0.00
FGD (limestone gypsum) kmol/s feed 0 0 1 0.00
Gasifier fuel gas cooler (fire tube) MW transferred 0 0 1 0.00
Gasifier fuel gas cooler (water tube) MW transferred 0 0 1 0.00
Candle filter (400C) kmol/s feed 0 0 1 0.00
PFBC combustor MW fuel feed 1000.26 1 1 124.51
Gas/gas exchanger, 20bar, 30C delta T MW transferred 0 0 1 0.00
Other User Defined 500.13 1 99.13
Other User Defined 0 0 0.00
Other User Defined 0 0 0.00
Electrical distribution MWe gross #NAME? 1 1 #NAME?

Sub-Total #NAME?
Balance of plant % of above 10 #NAME?
Engineering, indirects, owners cost % of above 24 #NAME?
Project contingency % of above 10 #NAME?
TOTAL #NAME?

Costing
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Operating Cost Specification

Fuel Cost Solid 1.5 $/GJ
Liquid 3 $/GJ
Gaseous 3 $/GJ

Calculated Fuel Cost 3.0000 $/GJ
Fuel cost of electricity #NAME? c/kWh

Capital Charges

Interest Rate 9%
Plant Life Span 30 years
Load Factor 0.8

Interest during construction #NAME? M$
Annual capital Charge #NAME? M$/y

Capital Charges #NAME? c/kWh

O&M Costs

O&M Factor 0.03 Other Materials Cost 20 $/tonne
Residue Disposal Cost 20 $/tonne

Fixed O&M cost #NAME? c/kWh
Variable O&M cost #NAME? c/kWh

Estimated Operating Costs #NAME? c/kWh

Operating Costs
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Multi-Criteria Analysis

This page of the assessment proceedure bring together data from the first two steps and allows the user
to applied 'weightings' to the results to provide a ranking for the proposed power plant indicating its
overall suitability as a 'green' power generation process. 
To edit the percentages allocated to different attributes scroll down the page

Multi-Criteria Analysis Value Score Weighting DECISION Weighted
% FACTOR Score

Fuel Consumption #NAME? #NAME? 40
APPLICABILITY #NAME?

Raw Material Availability 60 60

Process Conditions
Temperature 80 25
Pressure

NB Use least well known part 
      of process

CONFIDENCE
Novelty of Materials 90 25 IN WHETHER IT 72.5

WILL WORK

Plant Complexity
No. of major units 6 60 25
No. of major recycles 2

Novelty of Process 60 25

Greenhouse Gas Emissions 100 100 25 ESTIMATED
COSTS #NAME?

Costs

Existing Special Alloys

Moderately common

Major modifications

1200K-1600K

10-60 bar

Analysis



23/10/2003 Untitled

Total Operating  c/kWh #NAME? #NAME? 50

Safety Risk 30 60
ACCEPTANCE 38.0

Environmental Impact 50 40

Major In Plant Risk

Mildly harmful waste

Analysis
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Results of Analysis ########

Summary

Process: BaO Combined Cycle

Heat Input 1000.3 MW

Estimated Net Electricity Output #NAME? MW
Net Efficiency #NAME? %

CO2 output/MWe #NAME? kg/Mwe

Estimated Capital Cost #NAME? M$
Estimated Op Cost #NAME? c/kWh

Multi-Criteria Assessment

Decision Factor Scores
Acceptance 38.0
Applicability #NAME?
Confidence 72.5
Estimated Cost #NAME?

Results
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