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Abstract 16 

The paper presents the advantages of a new boiler solution for the supercritical power plant with 17 

CO2 capture. The mild oxyfuel combustion (MOFC) combines the advantages of mild (moderate 18 

and intensive low-oxygen dilution) combustion and oxyfuel combustion for the purpose of an 19 

effective CO2 capture from fossil fuel based power generation. MOFC application could increase 20 

the efficiency of the boiler, increase the purity of the CO2 in flue gases and reduce energy 21 

consumption for the recirculation of CO2. It affects the overall net energy efficiency penalty 22 

associated with the CO2 capture in comparison to the oxyfuel combustion technology. 23 

Thermodynamic analysis of an integrated MOFC power plant with CO2 capture are presented. The 24 

data concerning the new design of the boiler are obtained from CFD modelling. Two case studies 25 

are performed, and in each of them three configurations of supercritical power plant are modelled. 26 

First two are the reference power plants, including the conventional power plant without CO2 27 

capture and oxyfuel combustion power plant with CO2 capture. The third case is the MOFC boiler 28 

application within the same power plant. The thermodynamic parameters are compared, and 29 

detailed study of energy efficiency penalty is presented. Based on the presented results it can be 30 

noticed that the application of the MOFC technology allows to increase the overall net energy 31 

*
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efficiency by about 2 percentage points. Additionally the usefulness of the proposed system 32 

approach (based on input-output analysis) for the energy analysis of complex energy systems have 33 

been proven. 34 

 35 

Keywords: 36 

Mild oxyfuel combustion, Mild combustion, Oxyfuel combustion, CO2 capture, Thermodynamic 37 

analysis. 38 

 39 

Nomenclature 40 

Main symbols 41 

A – matrix of the coefficients of the consumption of energy carriers and materials 42 

aij – coefficient of consumption of energy carriers and materials 43 

D – vector of external supplies 44 

D – external supply 45 

F – matrix of the coefficients of the by-production 46 

fij – coefficient of by-production of energy carriers or materials 47 

G – column vector of the main production 48 

G – main production 49 

I – unit matrix 50 

K – column vector of the final production 51 

K – final production 52 

Subscripts and superscripts 53 

ch – chemical 54 

D – external supply not supplementing the main production 55 

DG – external supply supplementing the main production 56 

el – electricity 57 

F – by-product 58 

FG – by-product supplementing the main production 59 

G – main product 60 

Abbreviations 61 

ASU – Air Separation Unit 62 
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CCS – Carbon Capture and Storage 63 

CFD – Computational Fluid Dynamics 64 

CPU – CO2 Processing Unit 65 

FGQC – Flue Gas Quality Control 66 

HHV – Higher Heating Value 67 

LHV – Lower Heating Value 68 

MILD – Moderate and Intensive Low-oxygen Dilution 69 

MOFC – Mild OxyFuel Combustion 70 

OFC – Oxy-Fuel Combustion 71 

OSA – Oxy System Analysis 72 

p.p. – percentage point 73 

REF – Reference 74 

TRL – Technology Readiness Level 75 

 76 

1. Introduction 77 

 78 

In recent years interest has grown in the carbon capture and storage technologies (CCS) as the 79 

possible technology to mitigate the CO2 emissions from both power sector and other industry 80 

branches. Generally three types of CCS technologies can be distinguished, viz. post-combustion, 81 

pre-combustion and oxy-fuel combustion (Fig. 1), which were briefly compared within Table 1.  82 

The presented paper focus on the mild oxyfuel combustion (MOFC) technology, which is a next 83 

step within clean coal technologies, that combines the advantages of MILD (moderate and intensive 84 

low-oxygen dilution) combustion and oxyfuel combustion for the purpose of an effective CO2 85 

capture from fossil fuel based power generation. The CO2 transport and storage (or utilization) are 86 

important and indispensable components of CCS, thus within this article the impact of the CO2 87 

transport and storage on the energy efficiency of the whole CCS chain is also discussed. 88 

The oxyfuel capture technology is based on usage of high-purity oxygen in the combustion process 89 

instead of atmospheric air. Therefore flue gases have a high concentration of CO2 (without nitrogen 90 

dilution), which allows to evade chemical post-combustion processes. Due to the limited adiabatic 91 

temperature of combustion part of CO2 must be recycled to the boiler in order to maintain a proper 92 

flame temperature. Power plants constructed in this technology must comprise two main additional 93 

parts - the air separation unit (ASU) and the carbon dioxide processing unit (CPU), which latter can 94 
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be divided into CO2 purification and CO2 compression units. Oxyfuel combustion is also taken into 95 

consideration in already existing retrofitting power plants, by adding ASU and CPU and adequate 96 

upgrading in the boiler island. Due to the higher cost of producing electricity, caused by 97 

implementing the CCS technology, process integration must be taken into consideration in order to 98 

lower the cost of carbon dioxide capture. One of the main ways of integration is the utilization of 99 

heat from compressor cooling systems concerning ASU and CPU with the steam cycle. The air 100 

separation unit and CO2 purification unit are usually based on the cryogenic distillation system, 101 

because this technology is on the proper level of development to ensure the required performance of 102 

large-scale oxy-fired power plants with carbon dioxide capture. The utilization of nitrogen (e.g. 103 

drying of fuel) and application of the central water cooling system in individual cooling systems of 104 

the compressors are further examples of an integrated project. 105 

Major challenges for current state-of-the-art oxyfuel combustion power plants are low-cost oxygen 106 

supply, developing high-temperature materials in new constructions and conversion schemes for 107 

existing air-fired power plants. Also preventing air infiltration is essential for both new and 108 

retrofitted power plants. Most of the worlds R&D project focus around new technologies for 109 

oxygen production, like e.g. membrane air separation units that can be integrated with boilers, for 110 

energy and cost effective oxygen supply. But within the oxyfuel combustion technology, there are 111 

other processes that are responsible for the net energy penalty associated with CO2 capture and 112 

compression. Nowadays the drop of the net energy efficiency is predicted to be around 8 percentage 113 

points compared to the reference air-fired supercritical power plants. 114 

Fig. 2 presents, the estimated within an interdisciplinary MIT study [5],  parasitic energy 115 

requirements for oxyfuel pulverized coal generation with CO2 capture. Both, air-fired and oxyfuel 116 

combustion power plants, have supercritical steam cycle. The 3 percentage point efficiency 117 

increase, for oxyfuel combustion compared to the air-fired power plant, is due to the improved 118 

boiler efficiency and reduced energy consumption for flue gas desulphurization. As mentioned 119 

already, the most significant net energy efficiency penalty is associated with the oxygen production. 120 

Within the other sources of energy efficiency drop, we may identify mainly the electricity 121 

consumption associated with the recycle of CO2 to the boiler. 122 

Mild oxyfuel combustion application could increase further the efficiency of the boiler, increase the 123 

purity of the CO2 in flue gases and reduce energy consumption for the recirculation of CO2. It 124 

affects the overall net energy efficiency penalty associated with the CO2 capture in comparison to 125 

the oxyfuel combustion technology. Mild oxyfuel combustion boiler design gives also an 126 

opportunity to include the membrane air separation units with heat integration on required high 127 

temperature levels. Thus, within this paper, the preliminary thermodynamic analysis of an 128 
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integrated MOFC power plant with CO2 capture is presented, in order to investigate the potential of 129 

this technology. The successful implementation of CCS, and thus MOFC technology, will depend 130 

on economical factors, mostly the cost of electricity. Although post-combustion technology, based 131 

on chemical absorption by means of amine solutions, is now the only mature technology of CO2 132 

capture [2], nevertheless it has been considered that other CCS technologies are still considered, and 133 

some of them (as oxyfuel combustion) are even more promising [5]. 134 

 135 

2. Development pathway of mild oxyfuel combustion 136 

 137 

Within this section the technology development pathway have been presented, from the point of 138 

view of the replacement of air with oxygen in the combustion process. Several concepts are briefly 139 

presented and discussed, pointing out the relevance to the development of the mild oxyfuel 140 

combustion technology.  141 

 142 

2.1. Mixed air and oxygen combustion 143 

 144 

Within the oxyfuel combustion several technological options and configurations were investigated 145 

in the literature. Most of them assumed elimination of the air in the combustion process in order to 146 

eliminate the dilution of the flue gases, so that the high concentration of CO2 can be obtain (e.g. 147 

after just dehydration). Within [6] authors proposed a novel approach, in which the air can be used 148 

to carry the coal from the mills to the boiler (as in air-fired power plants), while oxygen is added to 149 

the secondary recycle flow and directly to the combustion zone. The presented concept, referred as 150 

CO2RE, could practically eliminate the problem with the primary recycle and air leakage into the 151 

CO2 processing system. 152 

Three configurations of the CO2RE technology were investigated within the paper [6], besides the 153 

conventional air-fired coal power plant. They differ with the amount of oxygen that is provided to 154 

the boiler. In first the air is used in the primary flow to the mills and whole secondary flow is 155 

composed of oxygen and recycled carbon dioxide. Second proposed the use of air also within the 156 

secondary flow, where the third assumes the use of the O2/CO2 mixture in the primary flow as well. 157 

Within the paper also two different purities of oxygen are analysed (viz. 95 vol.% and 99 vol.%). 158 

All those configurations result with different compositions of feedgas to the CO2 processing unit, in 159 

which the CO2 concentration vary from about 30 vol.% to almost 88 vol.%. 160 
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Within the results of this study [6] authors present several dependents of the air addition and energy 161 

consumption of air separation unit and CO2 processing unit, as well the air separation plant size 162 

(which affects the investment cost of the system) and mentioned CO2 concentration in the processed 163 

feedgas. Final results shows that the relatively small net power drop can be obtained for the third 164 

case (37 vol.% air addition), which authors find worthwhile to consider when the large-scale 165 

deployment of new power plants is taken into account in the future. Authors suggest also that their 166 

study provides an evidence to rethink the design of oxyfuel plants by adopting CO2RE concepts. 167 

However, the optimum choice for the CO2RE technology will depend on the overall cost analysis 168 

of the whole plant. 169 

 170 

2.2. Oxyfuel combustion 171 

 172 

Oxyfuel combustion technology has a long tradition with R&D projects, where the first concept (in 173 

context of providing a CO2-rich stream for enhanced oil recovery) was proposed in the 80s [7]. This 174 

technology is based on the use of oxygen diluted with an recycle flue gases (mainly CO2) rather 175 

then air. Thus a high concentration of CO2 in the flue gases (next to the H2O) can be obtained. The 176 

oxyfuel combustion technology may be combined with both sub-critical and super-critical (also 177 

ultra-super-critical) steam cycles. It is to be supposed, that in future advanced super-critical boilers 178 

will be applied in oxyfuel-based power plants. Both sub-critical and super-critical cycles with oxy-179 

fired boilers and their influence on the performance and achieved thermo-economical indices have 180 

been dealt with in [8], respectively. Results of the analysis published in [8] showed a drop of the 181 

overall plant efficiency (LHV) of the sub-critical cycle from 38.14% (air-fired) to 30.45% (oxy-182 

fired), and the super-critical cycle from 43.16% (air-fired) to 35.30% (oxy-fired). In both cases we 183 

have to do with efficiency losses due to CO2 capture of somewhat less than 8 percentage points. The 184 

way aiming at a reduction of this efficiency drop is process integration. 185 

Due to the necessity of using almost pure oxygen (usually around 95 vol.%) an air separation plant 186 

is needed as a part of the oxyfuel combustion power plant. The cryogenic air separation unit is 187 

presently only a market-mature technology for large-scale systems producing oxygen. It is a well-188 

developed, most efficient and cost-effective technology, although there are still many possibilities 189 

to improve this process, mainly by process integration [8]. Although, due to productivity limitations 190 

of about 4,500 Mg O2/day (up to 7,000 Mg O2/day) it will be necessary to build parallel operating 191 

air separation units to cover the oxygen demands of oxy-fired power plants. It is estimated that a 192 

500 MWel power plant will need between 9,000 and 10,000 tons of oxygen per day, using two (or 193 

even three) parallel operating units. In most studies the purity level has been assumed as 95% [8,9], 194 
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because at a higher oxygen purity the specific energy of separation grows rapidly after passing the 195 

aforesaid purity level. Higher values are not considered at present. The main producers of ASU for 196 

oxyfuel systems estimate the specific energy for separation of oxygen from air in the range of 200 197 

down to 160 kWh/Mg O2, but some of the studies suggest higher values around 220 kWh/Mg O2. It 198 

is assumed that CO2 will be transported to a storage reservoir by pipelines. Therefore it must be 199 

conditioned according to certain specifications (including the concentration of impurities and 200 

pressure). The suggested typical conditions and the purity of CO2 at the delivery point are 201 

connected with the planned way of storing (or use, like enhanced oil recovery). The role of the CO2 202 

processing unit is to capture CO2 from flue gases and to purify them in order to satisfy the 203 

mentioned specifications. The flue gas composition strongly depends on the oxygen purity and the 204 

amount of air infiltration in the process [1]. Carbon dioxide and vapour water are the main 205 

components of flue gases from the boiler, prior the capture plant, where the CO2 concentration is 206 

around 80 up to 95 vol.% (dry basis) [1]. In the case of retrofit plants, due to higher air infiltrations, 207 

the shares can be much lower [10]. This specific energy for separation of CO2 from the flue gases  208 

strongly depends on many factors, as the CO2 share in flue gases, product pressure (usually around 209 

15 MPa) and the type of the CO2 purification unit. The net specific energy consumption of CO2 210 

processing unit is usually around 140 kWh/Mg captured CO2 down to about 110 kWh/Mg captured 211 

CO2. It is obvious, that with the drop of CO2 product pressure results in a drop of the net specific 212 

energy consumption [10]. This indicates the importance of matching properly the CO2 product 213 

conditions (concentration and pressure) for each site, keeping in mind the significant impact of the  214 

air infiltration, which lowers the CO2 content in input flue gases. 215 

Due to the high energy demands (mainly electrical within the air and carbon dioxide compressors), 216 

it is crucial to use every possible way to reduce internal energy demands of the power unit. 217 

Although new technologies with lower energy demands for oxygen production and CO2 purification 218 

and compression are being developed, at the actual state of the technology the most effective way to 219 

improve the net efficiency is heat and process integration. In the case of heat integration for air 220 

separation and CO2 compression units two main benefits can be achieved, viz. energy losses 221 

associated with compression and boiler feed water preheating can be reduced. Direct transfer of 222 

waste heat from the interstage cooling of the compressors is based on feed water preheating. Other 223 

options are indirect and can be achieved by oxygen preheating, coal drying or heating of any fluid 224 

of the cycle [11,12]. Most analysed oxyfuel combustion systems aim to find methods of  heat 225 

integration in order to improve the overall net energy efficiency by integrating interstage cooling 226 

systems of the compressors with the steam-water cycle [13,14]. Within Table 2 the impact of the 227 

heat integration (based on [13,14]) have been presented. The heat integration, when the cryogenic 228 

air separation unit is considered, is responsible for about 0.5 percentage point increase in the net 229 
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efficiency. In the case of membrane air separation unit, due to the additional possibility of heat 230 

integration of hot vent stream from the air separation with the steam cycle, the increase of the net 231 

energy efficiency is 4.4 percentage points. 232 

In recent years many analyses have been performed concerning OFC power plants as a potential 233 

way in CCS technologies. The analysis performed, within last couple of years, by the National 234 

Energy Technology Laboratory (USA) focuses on the cost and performance concerning oxyfuel 235 

combustion power plants [15,16,17,18]. A techno-economical analysis of several different cases has 236 

been performed, including: biomass, lignite and hard coal use, conventional and advanced air 237 

separation units (with different O2 purities), advanced CO2 compression units (e.g. based on shock 238 

wave compression) and steam parameters (super-critical and ultra-super-critical). On the average, in 239 

all cases with CO2 capture, the efficiency drop amounted to around 7 up to above 12 percentage 240 

points on a relative basis as compared to their reference cases (super-critical steam cycle without 241 

CO2 capture). The target for CCS technologies the maximum increase in legalized cost of electricity 242 

has been assumed on the level of 35%, but none of these cases has reached that objective. The 243 

results of those studies, for the chosen configurations, have been presented in Table 3. 244 

Basing on analyses of the National Energy Technology Laboratory, which assume for the oxyfuel 245 

combustion technology in new, as well as retrofitted power plants the achievement of 90% CO2 246 

capture at a less than 35% increase of cost of electricity and will be available for commercial 247 

application by the year 2020. The Department of Energy (USA) and National Energy Technology 248 

Laboratory are running several programs related to the oxyfuel combustion process, mainly 249 

connected with boiler development, oxygen supply and CO2 compression. There are also several 250 

programs devoted to Chemical Looping Combustion, as a promising technology for CO2 capture 251 

and storage [19]. 252 

 253 

2.3. Pressurized oxyfuel combustion 254 

 255 

Another approach tries to gain energy savings by using pressured oxy-fuel combustion. It provides 256 

a chance to take advantage of the higher pressure of oxygen and nitrogen (heated up and directed to 257 

the expansion turbine, thus additional energy production is obtained), and the lower energy demand 258 

for CO2 compression due to higher input pressure of the flue gases transported to CO2 processing 259 

unit. It also allows to eliminate (or at least to reduce) the negative influence of air infiltration [20]. 260 

The pressurized oxyfuel combustion power cycle has been analysed in several studies. General 261 

conclusions in [21] show that according to several assumptions the pressurized oxyfuel combustion 262 

power plant reaches a higher net efficiency than the atmospheric one, viz. 34.9% and 31.5%, 263 
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respectively. Besides the mentioned advantages of the pressurized oxyfuel combustion, also the 264 

increase of the boiler can be obtain due to the possible water condensation [22,23]. Within the Table 265 

4, the results of studies conducted in [22,23] have been presented, concerning the impact of pressure 266 

within the boiler on its energy efficiency. 267 

Further studies of an pressurized oxyfuel combustion power plant have been carried out. The results 268 

of those studies, presented in [24], refers to the pressure in the cycle, based on which we can 269 

conclude that the optimal pressure in the cycle is around 10 MPa [24]. Thus the advantages of the 270 

pressurized over atmospheric oxyfuel combustion can be summarized in the following points: 271 

 the heat integration with the cycle allows to obtain a 2 percentage point increase in the gross 272 

energy efficiency, which correspond to a 3.4 percentage point increase in the net energy 273 

efficiency of the power plant, 274 

 air separation unit, due to the higher oxygen pressure, consumes about 20% more electricity, 275 

 CO2 processing unit has lower energy consumption, due to the smaller quantities of the flue 276 

gases reaching it (possibility of water condensation in the heat integration unit), 277 

 the energy consumption for the CO2 recirculation is lower due to the lower compression 278 

ratios. 279 

 280 

2.4. Moderate and intensive low-oxygen dilution combustion 281 

 282 

Mild and intensive low-oxygen dilution (MILD) combustion, also called high temperature air 283 

combustion, excess enthalpy combustion or flameless oxidation, plays an important role in the 284 

mitigation of combustion based pollutants and greenhouse gases while maintaining the high energy 285 

efficiency regime of the boiler. The most characteristic feature of the MILD combustion technology 286 

is an intense recirculation of combustion products within the chamber, thus the temperature peaks 287 

are suppressed and both the temperature and the species concentrations fields are homogeneous. 288 

This result in low NOx and CO emissions and highly uniform heat fluxes within the boiler. So far, 289 

the MILD combustion technology have found its application in industrial furnaces, based on the 290 

combustion of gaseous fuels or light oils. Within last years, the attempts are made to introduce this 291 

technology into power plants pulverized boilers, as following advantages are foreseen [25]: 292 

 reduction of the size of the boiler due to the increase of radiative heat fluxes, 293 

 possibility of increase of the steam parameters, as high quality steel might be used (more 294 

compact and smaller boilers means less materials), 295 

 stable combustion allows to use low rank coals, 296 
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 low excess air and low NOx emissions. 297 

Typically conventional air-fired boilers are composed of the radiative and convective section. Flue 298 

gases waste heat is recovered by air preheater and the economizer. In MILD combustion, the 299 

adiabatic flame temperature is much higher than that of a conventional boiler and the heat transfer 300 

inside the boiler is dominated by radiation. Thus, it is predicted that the design of a boiler without 301 

the convective section is possible with maintaining the same thermal output. The removal of the 302 

convective heat transfer region will lead to a significant reduction of boiler size and cost [25]. One 303 

of the main problems associated with the MILD combustion application to the power plant boilers 304 

is the need of providing high preheating of combustion air which is technically not easy. It is 305 

usually realised by regenerative heat exchangers. Within last years some new requirements for 306 

establishing the MILD combustion have been presented, which are less strict that expected 307 

previously [26]. Its expected that MILD combustion without preheating will have boarder range of 308 

use that now, also in the power plants pulverized boilers. 309 

Two mechanisms for the MILD combustion to achieve increased thermal efficiency have been 310 

identified [26]:  311 

 “when MILD combustion occurs, the furnace temperature is more uniform, which reduces 312 

irreversible loss of the combustion and heat transfer, 313 

 although the peak temperature of MILD combustion is lower than that of conventional 314 

combustion, the former uses a smaller furnace to achieve a higher average furnace 315 

temperature, which increases the average heat transfer, especially the irradiative heat 316 

transfer”.  317 

Therefore, as suggested by the Authors of [26], the thermal efficiency of MILD combustion is 318 

higher than that for conventional combustion notwithstanding considering the reversible thermal 319 

efficiency or heat transfer. 320 

Most of the R&D projects concerning MILD combustion focus on the design of the boiler itself. 321 

Usually the CFD modelling is used (e.g. [25]). There have been also experiments conducted with 322 

the use of fossil fuels, which gave a very promising results (in terms of combustion stability and 323 

NOx concentrations in flue gases) [27]. In summary, the analysed papers confirms that MILD 324 

combustion technology could be an efficient and clean technology for fossil fuel fired boilers. 325 

 326 

2.5. Mild oxyfuel combustion 327 

 328 
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Some drawback within the oxyfuel combustion process have be overcome, before the application of 329 

the technology can be made, which can be gathered in the following points [28]: 330 

 an oxyfuel flame is less stable compared to the conventional air flame, 331 

 NOx concentrations in flue gases can be on a high level, mainly due to the air infiltration 332 

and accumulation of nitrogen oxides due to the recirculation of flue gases, 333 

 recirculation decrease the overall energy efficiency of the power plant. 334 

As presented in Section 2.4, the MILD combustion technology could address some of those issues 335 

and improve the flame stability, as well as reduce the NOx formation due to the oxygen dilution and 336 

low temperature increment. The overall efficiency could also be increase by utilizing the hot 337 

recycled flue gases. As within the MILD combustion technology, most of the studies focus around 338 

the boiler design, including the CFD modelling. Nevertheless, the experiments with MOFC of 339 

pulverized coal have been conducted (0.4 MW pilot-scale facility), which were successful even 340 

without highly preheated oxidant [29]. Those research proved also, that with the in-furnace 341 

limestone injection, the costly desulphurization process can be neglected [26]. Those research 342 

indicates the feasibility of application of the MOFC technology in industrial application. 343 

In summary the MOFC technology combines the advantages of the presented technologies, or is 344 

following the same pathway (is similar) for the reduction of the energy penalty associated with the 345 

carbon capture process, which was presented in Table 5. As the MOFC technology seeks it way to 346 

the application within the power plants boilers, it seems justified to investigate the potential overall 347 

efficiency improvements resulting from the introduction of this technology. The preliminary 348 

thermodynamic assessment of an integrated mild oxyfuel combustion power plant is the main goal 349 

of the paper. 350 

 351 

3. Thermodynamic assessment of an integrated mild oxyfuel combustion power plant 352 

 353 

Within the preliminary thermodynamic assessment of an integrated mild oxyfuel combustion power 354 

plant the system approach to the energy analysis of complex energy system (to which MOFC power 355 

plant belongs) have be used. The data concerning the new design of the boiler are obtained from 356 

first approach to the CFD modelling made within the Polish-Norwegian Research Programme in the 357 

frame of “Mild Oxy Combustion for Climate and Air” Project [30]. The scope of the project is a 358 

new combustion technology which links advantages of oxyfuel combustion and mild combustion 359 

and which might be used for CO2 capture in a solid fuels combustion units. 360 



12 

 

Within the example two case studies with three configurations of supercritical power plant each are 361 

analysed. First two are the reference power plants, including the conventional power plant without 362 

CO2 capture and oxyfuel combustion power plant with CO2 capture. The third case is the MOFC 363 

boiler application within the same power plant. 364 

 365 

3.1. System approach to the energy analysis of an integrated MOFC power plant 366 

 367 

A power plant operating in compliance with the MOFC technology consists of such modules as a 368 

boiler island, steam cycle, cooling water system, water treatment module, air separation unit, flue 369 

gas quality control system and CO2 purification and compression unit (within the whole CCS cycle 370 

also the CO2 transport and storage system have to be included). The necessity of system approach to 371 

the energy analysis results mainly from the interdependence of technological modules, some part of 372 

which is of feedback character. Thus, the integrated MOFC power unit is a system consisting of 373 

energy branches (technological modules) connected with each other by interbranch relations. 374 

Within the paper an complex approach of modelling the energy and material balance of an 375 

integrated power unit is briefly presented. It includes mathematical models of the "input-output" 376 

type evaluating the calculations of direct energy consumption. The algorithm presented in the paper 377 

is the component of the programme concerning system analysis of integrated oxyfuel power plants 378 

"OSA" (Oxy System Analysis). The presented programme has been developed as part of the Polish 379 

National Strategic Project co-realized by the corresponding author, called “Advanced Technologies 380 

for Energy Generation. Project no. 2: Oxy-combustion technology for PC and FBC boilers with 381 

CO2 capture”. The main aim of the programme is to provide a tool for potential investors and 382 

analysts interested in oxyfuel technology, which allows to perform the analysis of direct and 383 

cumulative energy consumption, as well as cumulative exergy consumption, system exergy losses, 384 

thermoecological cost and life cycle assessment [31]. 385 

The presented approach have several advantages over the traditional approach to the process 386 

modelling of complex energy systems by mean of commercial software’s. First of all it is much less 387 

time consuming, as there is no need to build whole detailed process model in order to evaluate the 388 

thermodynamic performance. It also allows to combine the different process models developed in 389 

different software’s, which gives the opportunity to use most suitable one for each technological 390 

module (e.g. more detailed models of air separation unit in Thermoflex then Ebsilon Professional). 391 

The main disadvantage of the proposed approach is that it might lead to slightly under or 392 

overestimated results, as it’s based on the coefficients, but based on the Authors experience in 393 

construction of the input-output mathematical models this is being minimalized. In general the 394 
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presented system approach to the energy analysis of complex energy system is suitable for the 395 

preliminary thermodynamic assessments of new concept of the power plants, which was presented 396 

in this paper. 397 

Fig. 3 presents a simplified scheme of an oxyfuel power plant, for which the OSA programme was 398 

design. Seven main technological modules have been distinguished, which are also identified for 399 

the MOFC power plant. Within this paper the CO2 transport and storage module will be taken into 400 

account in the additional example, as the main aim of this paper is to investigate the possibility of 401 

the reduction of energy penalty associated with CO2 capture process itself. Three groups of energy 402 

carriers and materials are distinguished, viz. main production, by-production and external supplies. 403 

The main products corresponding to technological modules are presented in Fig. 3. Besides them 18 404 

by-products (e.g. process heat, flue gases, make-up water, bottom and fly ash, nitrogen) and 7 405 

external supplies (e.g. coal, raw water, limestone) are considered. The system approach bases on the 406 

“input-output approach” which is represented by the “input-output table” (Table 6) [32]. 407 

The mathematical model of direct energy (and material) consumption comprised of three matrix 408 

equations, referring to the three distinguished groups of energy carriers and materials, viz. main 409 

products, by-products and external supplies [32]: 410 

 main products 411 
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 by-products  414 
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FFF KGAGF            (4) 416 

 external supplies 417 
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GADGF DDFD            (6) 419 

Equations (1), (3) and (5) or in matrix notation equations (2), (4), (6) consist of the mathematical 420 

model on an integrated power plant.  Based on the process models and the "input-output" table, the  421 

coefficients of production and consumption can been segregated of an integrated power plant and 422 

gathered in matrices and vectors, concerning respectively coefficients of: 423 



14 

 

 the consumption of energy carriers and materials manufactured as main products (matrix  424 

][ ,

G

jiaGA ), 425 

 the consumption of energy carriers and materials manufactured as by-products not 426 

supplementing the main production (matrix  ][ F

j,laFA ), 427 

 the consumption of external supplies not supplementing the main production (matrix 428 

][ D

j,paDA ), 429 

 the by-production of energy carriers and materials not supplementing the main production 430 

(matrix  ][ F

j,lfFF ), 431 

 the by-production of energy carriers and materials supplementing the main production 432 

(matrix  ][ FG

j,ifFGF ), 433 

 the by-production of energy carriers and materials supplementing the external supplies 434 

(matrix  ][ FD

j,pfFDF ), 435 

 the main production of energy carriers and materials (vector ][ iGG ), 436 

 the final production of main products (vector ][ iGKGK ), 437 

 the final by-production of energy carriers and materials (vector ][ lFKFK ), 438 

 the external supply of energy carriers and materials not supplementing the main production 439 

(vector ][ pDDDD ), 440 

 the external supply of energy carriers and materials supplementing the main production 441 

(vector ][ iDGDDGD ). 442 

The presented “input-output” approach, based on the universal structure of matrices and vectors, as 443 

well as the mathematical model of balancing the direct energy and material consumption constitutes 444 

the exploitation part of the life cycle inventory (LCI) for an integrated power plant. 445 

In case of the matrix equation concerning the main production (Eq. 2) , the unknown value is vector 446 

G, which represents the global main production, thus we can obtain the following form: 447 

   DGG

1

FGG DKFAIG 


        (7) 448 

The coefficients of the inverse matrix  FGG FAI   comprise direct and indirect connections 449 

existing in the integrated power plant. These coefficients may be called coefficients of cumulative 450 

energy consumption for the considered integrated power plant. Thanks to this inverse matrix the 451 

method of stepwise approximations in the procedure of setting up the balances of energy carriers 452 

can be avoided. 453 
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In general the MOFC power plant is similar in design to the conventional oxy-fuel combustion 454 

technology and consists of the same technological components. The main difference can be noticed 455 

in the boiler design, where the moderate and intensive low-oxygen dilution oxy-fuel combustion 456 

take place. Flue gas from the boiler are directed to the flue gas quality control module, where de-457 

dusting and desulphurization take place. Then part of the CO2 stream is recycled back to the boiler. 458 

In MOFC significantly lower recirculation rate is required in comparison with the classic oxy-fuel 459 

combustion technology. The remaining part of the CO2 is directed into the CO2 processing unit, 460 

where its further purified and compressed to the required pressure for transport. The CO2 461 

transportation is realised by pipelines and then the CO2 is stored in saline formation (most common 462 

way of the CO2 storage).  Within the boiler island the primary steam is being produced, as well as 463 

reheat of the recycled steam takes place. The steam is used within the water-steam cycle in order to 464 

produce electricity. Oxygen for the MOFC power plant is provided by the air separation unit (most 465 

commonly by the cryogenic separation of air), where a small part of the produced O2 is also used as 466 

oxidizer in the wet flue gas desulphurization instead of air (which prevent the dilution of the CO2). 467 

Cooling water is provided to the condenser in water steam cycle, as well as the air separation unit 468 

and CO2 processing unit for the interstage cooling of the air and CO2 compressors, respectively.  469 

 470 

3.2. Preliminary system analysis (case study no. 1) 471 

 472 

Within the first case study, three cases are being analysed (Table 7). A detailed description of the 473 

proposed reference cases, including conventional air-fired and oxyfuel combustion power plants can 474 

be found in [15]. For them, the process models presented in [15], allowed to construct the “input-475 

output” mathematical models. Within the MOFC case, the new coefficients of consumption and 476 

production of energy carriers and materials (including main products, by-products and external 477 

supplies) for the boiler island have been introduced into the OFC case. It allowed, within the system 478 

approach, to build a new mathematical model of an integrated power plant, which is considered 479 

within this study (MOFC case). Other technological modules have been left the same as in the OFC 480 

case, as the coefficients of production and consumption of energy carriers and materials should 481 

maintain the same.  482 

With the MOFC case, the new column vector of the main production, based on Eq. (7), have been 483 

calculated, assuming the same net power of the power plant (through the column vector of the final 484 

production). The main changes within the MOFC case could be observe with the:  485 

 coefficient of electricity consumption in the boiler island 
Ga 1,2  (drop of about 20% due to the 486 

lower recirculation rate), 487 
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 the coefficient of oxygen consumption in the boiler island 
Ga 1,5  (drop of about 5% due to the 488 

slightly lower oxidizer to coal ratio), 489 

 the coefficient of fuel (coal) consumption in the boiler island 
Da 1,26  (drop of about 2% due to 490 

the slightly higher thermal efficiency of the boiler). 491 

All of those coefficients were estimated based on the literature review, additionally supported by 492 

the mathematical model of the MOFC boiler developed within the Engineering Equation Solver 493 

based on energy and mass balances. It have to been kept in mind, that those results are the first 494 

attempt of the MOFC boiler modelling.  The results concerning the energy efficiencies, as well as 495 

power ratings for all three analysed cases have been presented in Table 8 and Fig. 4. 496 

As presented in Table 8 and Fig. 4, the application of the MOFC technology within the power cycle 497 

of an reference oxyfuel combustion power plant results with almost 1 percentage point increase of 498 

the net energy efficiency. This results mainly from the higher boiler thermal efficiency and lower 499 

consumption of oxygen (which results in lower electricity consumption in air separation unit), as 500 

presented in Fig. 5. 501 

 502 

3.3. Preliminary process and system analysis (case study no. 2) 503 

 504 

Within the second case study three cases are being analysed (Table 9). The mathematical models of 505 

reference air-fired and oxyfuel combustion power plants were build based on the assumption made 506 

within on the final reports of the Polish National Strategic Project “Advanced Technologies for 507 

Energy Generation. Project no. 2: Oxy-combustion technology for PC and FBC boilers with CO2 508 

capture” [33] and a PhD thesis of Jakub Tuka [34]. For the process modelling the Thermoflex and 509 

Ebsilon software were used, as well as preliminary results of the CFD modelling for the MOFC 510 

boiler. The system approach (“input-output” modelling) allows to build a new mathematical models 511 

of an integrated power plants, which are considered within this study (Table 9), combining data 512 

from different process models and other data (Fig. 6). As the example, the water-steam cycle 513 

modelled by means of Ebsilon Professional software was presented in Fig. 7. The data concerning 514 

the MOFC boiler were obtain from the preliminary results of CFD modelling, where the new 515 

industrial supercritical boiler running under mild oxyfuel combustion conditions is proposed. The 516 

basis for the design were: thermal input which is assumed to be 1000 MWch and composition of the 517 

oxidizer which contains 95 vol.% of O2 and 5 vol.% of N2. Comparing to classical oxyfuel 518 

combustion boilers where oxidizer is mixed with recirculated flue gases here oxidizer is supplied by 519 

separate jets. The transport of the pulverized coal is forced by recirculated flue gases which are 520 
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dried, desulfurized and de-dusted.  The origin of the boiler is taken from design proposed by 521 

Schaffel et al. [25] which is  down  fired mild combustion boiler. The fuel and oxidizer are supplied 522 

through the top wall of the boiler by set of specially arranged jets. The inlets are located in such 523 

way that fuel and oxidizer are separated by the distance which does not allow for fast mixing of 524 

both streams. Outlets from the boiler located at the top of the boiler forces to rise boiler internal 525 

gases recirculation. In order to develop flow profile which generate large internal recirculation and 526 

at the same time combustion products riches bottom of the boiler, what is required for long fuel 527 

residence time, fuel and oxidizer inlets cross section is selected to result in both fluxes velocity in a 528 

range of 40 to 70 m/s. Oxidizer inlets arrangement allow for oxidizer to be injected directly inside 529 

recirculated flue gases stream. The final location of the fuel and oxidizer jets is optimized. After 530 

number of numerical tests the final dimensions of the boiler are 36 m long, 19 m high, and 20 m 531 

depth, which are selected to keep firing density in range of 40 to 50 kW/m
3
, and average wall heat 532 

flux in range of 140 to 160 kW/m
2
. The boiler consist 8 identical segments separated by heat release 533 

screens what allows for firing each segment independently. Such design allow for easy control of 534 

boiler load. Each of the segment contains 2 fuel inlets, 2 oxidizer inlets and one outlet. Entire 535 

segment is surrounded by heat release screens which prevent mixing of combustion products with 536 

other (neighbouring) segments. Fuel jets are located close to the screen which creates symmetry 537 

plane along the length of the boiler. Oxidizers are located roughly in the middle of the 1/8th 538 

segment of the boiler. Outlet of the rectangular cross section is located near the side wall of the 539 

boiler at the top wall. The geometry of the new boiler design have been presented in Fig. 8, where 540 

on the left side the boiler dimension have been presented and on the right side  the segment with 2 541 

fuel and oxidizer inlets have been shown. The results of the first approach to the CFD modelling 542 

have been summarized in Table 9. Part of the heat was transferred to the steam cycle within the 543 

CFD modelled part of the boiler, where the rest was utilized in the economizer, superheaters and O2 544 

and CO2 preheaters (modelled in Ebsilon Professional). As presented in Table 9, the NOx have been 545 

neglected, but they will be taken into account in further studies. Other parameters of the analysed 546 

integrated power plant have been summarized in Table 10. The analysed MOFC cycle is not heat 547 

integrated, thus further studies within this topic are also necessary. 548 

Based on the developed process models of the integrated power cycles the “input-output” 549 

mathematical models were constructed. The main differences between the OFC and MOFC could 550 

be noticed when the matrices of the consumption of energy carriers and materials manufactured as 551 

main products ( ][ ,

G

jiaGA ) and the consumption of external supplies not supplementing the main 552 

production ( ][ ,

D

jpaDA ) are compared for both cases:  553 

 reference oxy-fuel combustion power plant (OFC_2): 554 
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 mild oxy-fuel combustion power plant (MOFC_2): 557 
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The most significant differences can be noticed in the consumption of energy carriers and materials 560 

manufactured as main products ( ][ ,

G

jiaGA ) in column 4° which represents the flue gas treatment 561 

plant, due to the lower energy consumption for recirculation ( Ga 4,2
) and lower cooling duty ( Ga 4,3

). In 562 
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the case of the consumption of external supplies not supplementing the main production (563 

][ ,

D

jpaDA ), the value of Da 1,26
 represents the fuel (coal) unit consumption per unit of primary and 564 

secondary steam produced within the boiler. 565 

The results of the thermodynamic assessment have been presented in Table 11. The net efficiency 566 

penalty associated with the carbon capture for the MOFC power plant are lower by 2.12 percentage 567 

point, which is mostly associated with higher boiler efficiency and lower electricity consumption 568 

for the CO2 recirculation. Presented in Table 11 results exclude the CO2 transport and storage, 569 

which will be included in the environmental analysis. The case description for the CO2 transport 570 

and storage have been taken after [35] and summarized in Table 12. As presented in Fig. 9 the 571 

additional drop of net energy efficiency associated with the CO2 transport and storage for assumed 572 

conditions is around 0.6 percentage point (Table 13). 573 

 574 

4. Conclusions 575 

 576 

The mild oxyfuel combustion is a new concept that combines the advantages of moderate and 577 

intensive low-oxygen dilution combustion and oxyfuel combustion for the purpose of an effective 578 

CO2 capture from fossil fuel based power generation. Expected results of MOFC application (e.g. 579 

increase efficiency of the boiler, reduce energy consumption for the recirculation of CO2) will affect 580 

the overall net energy efficiency penalty associated with the CO2 capture in comparison to the 581 

oxyfuel combustion technology. Although several technical problems have to be dealt with before, 582 

as e.g. high temperatures and appropriate construction materials development. 583 

Within the thermodynamic analysis of an integrated MOFC power plant with CO2 capture the 584 

“OSA” programme have been used, which bases on the “input-output approach”. The data 585 

concerning the new design of the boiler are obtained from the first attempts of the CFD modelling. 586 

Three configurations of supercritical power plant are modelled for both investigated cases. The 587 

obtained thermodynamic parameters proves that the new concept of coal-fired boiler design could 588 

be a valid way to improve the overall net energy efficiency of the cycle. Detailed study of the net 589 

energy efficiency for the oxyfuel combustion power plant and MOFC in case study no. 1 shows that 590 

it is possible to increase it by almost 1 percentage point, for which the biggest share (0.61 591 

percentage point) is associated with the increase of boiler thermal efficiency. When the process and 592 

system analysis have been combined within the case study no. 2 the 2.12 percentage point increase 593 

of the net energy efficiency have been obtained, which  is directly associated with the MOFC boiler 594 

implementation.  595 
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Further studies are needed to obtain final results from the CFD modelling, that should also be 596 

validated based on laboratory test. When the final design of the MOFC boiler will be proposed, a 597 

detailed process analysis of the new boiler application within the power cycle should be done, 598 

preferable with the commercial process modelling tools. Further optimization within the MOFC 599 

cycle should be investigated, taking into account the positive effects proposed within the OFC 600 

technology, viz. interstage compressors (both ASU and CPU) heat integration with steam cycle, use 601 

of waste nitrogen to dry the coal (especially when brown coal is concern) and replacement of the 602 

cryogenic air separation unit with membrane one. Furthermore, the ecological and economic 603 

analysis should supplement those efforts to give a full picture of the new boiler design within the 604 

clean coal technology application. 605 

Thus, two thesis were proven within the paper: 606 

 the MOFC technology might be a suitable way to reduce the energy penalty associated with 607 

carbon capture and storage, 608 

 the “input-output” approach can be a helpful tool for the preliminary assessment of the new 609 

technologies, and “OSA” programme can be used for the analysis of new design within the 610 

oxyfuel combustion technology.  611 
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Abstract 16 

The paper presents the advantages of a new boiler solution for the supercritical power plant with 17 

CO2 capture. The mild oxyfuel combustion (MOFC) combines the advantages of mild (moderate 18 

and intensive low-oxygen dilution) combustion and oxyfuel combustion for the purpose of an 19 

effective CO2 capture from fossil fuel based power generation. MOFC application could increase 20 

the efficiency of the boiler, increase the purity of the CO2 in flue gases and reduce energy 21 

consumption for the recirculation of CO2. It affects the overall net energy efficiency penalty 22 

associated with the CO2 capture in comparison to the oxyfuel combustion technology. 23 

Thermodynamic analysis of an integrated MOFC power plant with CO2 capture are presented. The 24 

data concerning the new design of the boiler are obtained from CFD modelling. Two case studies 25 

are performed, and in each of them three configurations of supercritical power plant are modelled. 26 

First two are the reference power plants, including the conventional power plant without CO2 27 

capture and oxyfuel combustion power plant with CO2 capture. The third case is the MOFC boiler 28 

application within the same power plant. The thermodynamic parameters are compared, and 29 

detailed study of energy efficiency penalty is presented. Based on the presented results it can be 30 

noticed that the application of the MOFC technology allows to increase the overall net energy 31 
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efficiency by about 2 percentage points. Additionally the usefulness of the proposed system 32 

approach (based on input-output analysis) for the energy analysis of complex energy systems have 33 

been proven. 34 

 35 

Keywords: 36 

Mild oxyfuel combustion, Mild combustion, Oxyfuel combustion, CO2 capture, Thermodynamic 37 

analysis. 38 

 39 

Nomenclature 40 

Main symbols 41 

A – matrix of the coefficients of the consumption of energy carriers and materials 42 

aij – coefficient of consumption of energy carriers and materials 43 

D – vector of external supplies 44 

D – external supply 45 

F – matrix of the coefficients of the by-production 46 

fij – coefficient of by-production of energy carriers or materials 47 

G – column vector of the main production 48 

G – main production 49 

I – unit matrix 50 

K – column vector of the final production 51 

K – final production 52 

Subscripts and superscripts 53 

ch – chemical 54 

D – external supply not supplementing the main production 55 

DG – external supply supplementing the main production 56 

el – electricity 57 

F – by-product 58 

FG – by-product supplementing the main production 59 

G – main product 60 

Abbreviations 61 

ASU – Air Separation Unit 62 
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CCS – Carbon Capture and Storage 63 

CFD – Computational Fluid Dynamics 64 

CPU – CO2 Processing Unit 65 

FGQC – Flue Gas Quality Control 66 

HHV – Higher Heating Value 67 

LHV – Lower Heating Value 68 

MILD – Moderate and Intensive Low-oxygen Dilution 69 

MOFC – Mild OxyFuel Combustion 70 

OFC – Oxy-Fuel Combustion 71 

OSA – Oxy System Analysis 72 

p.p. – percentage point 73 

REF – Reference 74 

TRL – Technology Readiness Level 75 

 76 

1. Introduction 77 

 78 

In recent years interest has grown in the carbon capture and storage technologies (CCS) as the 79 

possible technology to mitigate the CO2 emissions from both power sector and other industry 80 

branches. Generally three types of CCS technologies can be distinguished, viz. post-combustion, 81 

pre-combustion and oxy-fuel combustion (Fig. 1), which were briefly compared within Table 1.  82 

The presented paper focus on the mild oxyfuel combustion (MOFC) technology, which is a next 83 

step within clean coal technologies, that combines the advantages of MILD (moderate and intensive 84 

low-oxygen dilution) combustion and oxyfuel combustion for the purpose of an effective CO2 85 

capture from fossil fuel based power generation. The CO2 transport and storage (or utilization) are 86 

important and indispensable components of CCS, thus within this article the impact of the CO2 87 

transport and storage on the energy efficiency of the whole CCS chain is also discussed. 88 

The oxyfuel capture technology is based on usage of high-purity oxygen in the combustion process 89 

instead of atmospheric air. Therefore flue gases have a high concentration of CO2 (without nitrogen 90 

dilution), which allows to evade chemical post-combustion processes. Due to the limited adiabatic 91 

temperature of combustion part of CO2 must be recycled to the boiler in order to maintain a proper 92 

flame temperature. Power plants constructed in this technology must comprise two main additional 93 

parts - the air separation unit (ASU) and the carbon dioxide processing unit (CPU), which latter can 94 



4 

 

be divided into CO2 purification and CO2 compression units. Oxyfuel combustion is also taken into 95 

consideration in already existing retrofitting power plants, by adding ASU and CPU and adequate 96 

upgrading in the boiler island. Due to the higher cost of producing electricity, caused by 97 

implementing the CCS technology, process integration must be taken into consideration in order to 98 

lower the cost of carbon dioxide capture. One of the main ways of integration is the utilization of 99 

heat from compressor cooling systems concerning ASU and CPU with the steam cycle. The air 100 

separation unit and CO2 purification unit are usually based on the cryogenic distillation system, 101 

because this technology is on the proper level of development to ensure the required performance of 102 

large-scale oxy-fired power plants with carbon dioxide capture. The utilization of nitrogen (e.g. 103 

drying of fuel) and application of the central water cooling system in individual cooling systems of 104 

the compressors are further examples of an integrated project. 105 

Major challenges for current state-of-the-art oxyfuel combustion power plants are low-cost oxygen 106 

supply, developing high-temperature materials in new constructions and conversion schemes for 107 

existing air-fired power plants. Also preventing air infiltration is essential for both new and 108 

retrofitted power plants. Most of the worlds R&D project focus around new technologies for 109 

oxygen production, like e.g. membrane air separation units that can be integrated with boilers, for 110 

energy and cost effective oxygen supply. But within the oxyfuel combustion technology, there are 111 

other processes that are responsible for the net energy penalty associated with CO2 capture and 112 

compression. Nowadays the drop of the net energy efficiency is predicted to be around 8 percentage 113 

points compared to the reference air-fired supercritical power plants. 114 

Fig. 2 presents, the estimated within an interdisciplinary MIT study [5],  parasitic energy 115 

requirements for oxyfuel pulverized coal generation with CO2 capture. Both, air-fired and oxyfuel 116 

combustion power plants, have supercritical steam cycle. The 3 percentage point efficiency 117 

increase, for oxyfuel combustion compared to the air-fired power plant, is due to the improved 118 

boiler efficiency and reduced energy consumption for flue gas desulphurization. As mentioned 119 

already, the most significant net energy efficiency penalty is associated with the oxygen production. 120 

Within the other sources of energy efficiency drop, we may identify mainly the electricity 121 

consumption associated with the recycle of CO2 to the boiler. 122 

Mild oxyfuel combustion application could increase further the efficiency of the boiler, increase the 123 

purity of the CO2 in flue gases and reduce energy consumption for the recirculation of CO2. It 124 

affects the overall net energy efficiency penalty associated with the CO2 capture in comparison to 125 

the oxyfuel combustion technology. Mild oxyfuel combustion boiler design gives also an 126 

opportunity to include the membrane air separation units with heat integration on required high 127 

temperature levels. Thus, within this paper, the preliminary thermodynamic analysis of an 128 
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integrated MOFC power plant with CO2 capture is presented, in order to investigate the potential of 129 

this technology. The successful implementation of CCS, and thus MOFC technology, will depend 130 

on economical factors, mostly the cost of electricity. Although post-combustion technology, based 131 

on chemical absorption by means of amine solutions, is now the only mature technology of CO2 132 

capture [2], nevertheless it has been considered that other CCS technologies are still considered, and 133 

some of them (as oxyfuel combustion) are even more promising [5]. 134 

 135 

2. Development pathway of mild oxyfuel combustion 136 

 137 

Within this section the technology development pathway have been presented, from the point of 138 

view of the replacement of air with oxygen in the combustion process. Several concepts are briefly 139 

presented and discussed, pointing out the relevance to the development of the mild oxyfuel 140 

combustion technology.  141 

 142 

2.1. Mixed air and oxygen combustion 143 

 144 

Within the oxyfuel combustion several technological options and configurations were investigated 145 

in the literature. Most of them assumed elimination of the air in the combustion process in order to 146 

eliminate the dilution of the flue gases, so that the high concentration of CO2 can be obtain (e.g. 147 

after just dehydration). Within [6] authors proposed a novel approach, in which the air can be used 148 

to carry the coal from the mills to the boiler (as in air-fired power plants), while oxygen is added to 149 

the secondary recycle flow and directly to the combustion zone. The presented concept, referred as 150 

CO2RE, could practically eliminate the problem with the primary recycle and air leakage into the 151 

CO2 processing system. 152 

Three configurations of the CO2RE technology were investigated within the paper [6], besides the 153 

conventional air-fired coal power plant. They differ with the amount of oxygen that is provided to 154 

the boiler. In first the air is used in the primary flow to the mills and whole secondary flow is 155 

composed of oxygen and recycled carbon dioxide. Second proposed the use of air also within the 156 

secondary flow, where the third assumes the use of the O2/CO2 mixture in the primary flow as well. 157 

Within the paper also two different purities of oxygen are analysed (viz. 95 vol.% and 99 vol.%). 158 

All those configurations result with different compositions of feedgas to the CO2 processing unit, in 159 

which the CO2 concentration vary from about 30 vol.% to almost 88 vol.%. 160 
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Within the results of this study [6] authors present several dependents of the air addition and energy 161 

consumption of air separation unit and CO2 processing unit, as well the air separation plant size 162 

(which affects the investment cost of the system) and mentioned CO2 concentration in the processed 163 

feedgas. Final results shows that the relatively small net power drop can be obtained for the third 164 

case (37 vol.% air addition), which authors find worthwhile to consider when the large-scale 165 

deployment of new power plants is taken into account in the future. Authors suggest also that their 166 

study provides an evidence to rethink the design of oxyfuel plants by adopting CO2RE concepts. 167 

However, the optimum choice for the CO2RE technology will depend on the overall cost analysis 168 

of the whole plant. 169 

 170 

2.2. Oxyfuel combustion 171 

 172 

Oxyfuel combustion technology has a long tradition with R&D projects, where the first concept (in 173 

context of providing a CO2-rich stream for enhanced oil recovery) was proposed in the 80s [7]. This 174 

technology is based on the use of oxygen diluted with an recycle flue gases (mainly CO2) rather 175 

then air. Thus a high concentration of CO2 in the flue gases (next to the H2O) can be obtained. The 176 

oxyfuel combustion technology may be combined with both sub-critical and super-critical (also 177 

ultra-super-critical) steam cycles. It is to be supposed, that in future advanced super-critical boilers 178 

will be applied in oxyfuel-based power plants. Both sub-critical and super-critical cycles with oxy-179 

fired boilers and their influence on the performance and achieved thermo-economical indices have 180 

been dealt with in [8], respectively. Results of the analysis published in [8] showed a drop of the 181 

overall plant efficiency (LHV) of the sub-critical cycle from 38.14% (air-fired) to 30.45% (oxy-182 

fired), and the super-critical cycle from 43.16% (air-fired) to 35.30% (oxy-fired). In both cases we 183 

have to do with efficiency losses due to CO2 capture of somewhat less than 8 percentage points. The 184 

way aiming at a reduction of this efficiency drop is process integration. 185 

Due to the necessity of using almost pure oxygen (usually around 95 vol.%) an air separation plant 186 

is needed as a part of the oxyfuel combustion power plant. The cryogenic air separation unit is 187 

presently only a market-mature technology for large-scale systems producing oxygen. It is a well-188 

developed, most efficient and cost-effective technology, although there are still many possibilities 189 

to improve this process, mainly by process integration [8]. Although, due to productivity limitations 190 

of about 4,500 Mg O2/day (up to 7,000 Mg O2/day) it will be necessary to build parallel operating 191 

air separation units to cover the oxygen demands of oxy-fired power plants. It is estimated that a 192 

500 MWel power plant will need between 9,000 and 10,000 tons of oxygen per day, using two (or 193 

even three) parallel operating units. In most studies the purity level has been assumed as 95% [8,9], 194 
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because at a higher oxygen purity the specific energy of separation grows rapidly after passing the 195 

aforesaid purity level. Higher values are not considered at present. The main producers of ASU for 196 

oxyfuel systems estimate the specific energy for separation of oxygen from air in the range of 200 197 

down to 160 kWh/Mg O2, but some of the studies suggest higher values around 220 kWh/Mg O2. It 198 

is assumed that CO2 will be transported to a storage reservoir by pipelines. Therefore it must be 199 

conditioned according to certain specifications (including the concentration of impurities and 200 

pressure). The suggested typical conditions and the purity of CO2 at the delivery point are 201 

connected with the planned way of storing (or use, like enhanced oil recovery). The role of the CO2 202 

processing unit is to capture CO2 from flue gases and to purify them in order to satisfy the 203 

mentioned specifications. The flue gas composition strongly depends on the oxygen purity and the 204 

amount of air infiltration in the process [1]. Carbon dioxide and vapour water are the main 205 

components of flue gases from the boiler, prior the capture plant, where the CO2 concentration is 206 

around 80 up to 95 vol.% (dry basis) [1]. In the case of retrofit plants, due to higher air infiltrations, 207 

the shares can be much lower [10]. This specific energy for separation of CO2 from the flue gases  208 

strongly depends on many factors, as the CO2 share in flue gases, product pressure (usually around 209 

15 MPa) and the type of the CO2 purification unit. The net specific energy consumption of CO2 210 

processing unit is usually around 140 kWh/Mg captured CO2 down to about 110 kWh/Mg captured 211 

CO2. It is obvious, that with the drop of CO2 product pressure results in a drop of the net specific 212 

energy consumption [10]. This indicates the importance of matching properly the CO2 product 213 

conditions (concentration and pressure) for each site, keeping in mind the significant impact of the  214 

air infiltration, which lowers the CO2 content in input flue gases. 215 

Due to the high energy demands (mainly electrical within the air and carbon dioxide compressors), 216 

it is crucial to use every possible way to reduce internal energy demands of the power unit. 217 

Although new technologies with lower energy demands for oxygen production and CO2 purification 218 

and compression are being developed, at the actual state of the technology the most effective way to 219 

improve the net efficiency is heat and process integration. In the case of heat integration for air 220 

separation and CO2 compression units two main benefits can be achieved, viz. energy losses 221 

associated with compression and boiler feed water preheating can be reduced. Direct transfer of 222 

waste heat from the interstage cooling of the compressors is based on feed water preheating. Other 223 

options are indirect and can be achieved by oxygen preheating, coal drying or heating of any fluid 224 

of the cycle [11,12]. Most analysed oxyfuel combustion systems aim to find methods of  heat 225 

integration in order to improve the overall net energy efficiency by integrating interstage cooling 226 

systems of the compressors with the steam-water cycle [13,14]. Within Table 2 the impact of the 227 

heat integration (based on [13,14]) have been presented. The heat integration, when the cryogenic 228 

air separation unit is considered, is responsible for about 0.5 percentage point increase in the net 229 
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efficiency. In the case of membrane air separation unit, due to the additional possibility of heat 230 

integration of hot vent stream from the air separation with the steam cycle, the increase of the net 231 

energy efficiency is 4.4 percentage points. 232 

In recent years many analyses have been performed concerning OFC power plants as a potential 233 

way in CCS technologies. The analysis performed, within last couple of years, by the National 234 

Energy Technology Laboratory (USA) focuses on the cost and performance concerning oxyfuel 235 

combustion power plants [15,16,17,18]. A techno-economical analysis of several different cases has 236 

been performed, including: biomass, lignite and hard coal use, conventional and advanced air 237 

separation units (with different O2 purities), advanced CO2 compression units (e.g. based on shock 238 

wave compression) and steam parameters (super-critical and ultra-super-critical). On the average, in 239 

all cases with CO2 capture, the efficiency drop amounted to around 7 up to above 12 percentage 240 

points on a relative basis as compared to their reference cases (super-critical steam cycle without 241 

CO2 capture). The target for CCS technologies the maximum increase in legalized cost of electricity 242 

has been assumed on the level of 35%, but none of these cases has reached that objective. The 243 

results of those studies, for the chosen configurations, have been presented in Table 3. 244 

Basing on analyses of the National Energy Technology Laboratory, which assume for the oxyfuel 245 

combustion technology in new, as well as retrofitted power plants the achievement of 90% CO2 246 

capture at a less than 35% increase of cost of electricity and will be available for commercial 247 

application by the year 2020. The Department of Energy (USA) and National Energy Technology 248 

Laboratory are running several programs related to the oxyfuel combustion process, mainly 249 

connected with boiler development, oxygen supply and CO2 compression. There are also several 250 

programs devoted to Chemical Looping Combustion, as a promising technology for CO2 capture 251 

and storage [19]. 252 

 253 

2.3. Pressurized oxyfuel combustion 254 

 255 

Another approach tries to gain energy savings by using pressured oxy-fuel combustion. It provides 256 

a chance to take advantage of the higher pressure of oxygen and nitrogen (heated up and directed to 257 

the expansion turbine, thus additional energy production is obtained), and the lower energy demand 258 

for CO2 compression due to higher input pressure of the flue gases transported to CO2 processing 259 

unit. It also allows to eliminate (or at least to reduce) the negative influence of air infiltration [20]. 260 

The pressurized oxyfuel combustion power cycle has been analysed in several studies. General 261 

conclusions in [21] show that according to several assumptions the pressurized oxyfuel combustion 262 

power plant reaches a higher net efficiency than the atmospheric one, viz. 34.9% and 31.5%, 263 
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respectively. Besides the mentioned advantages of the pressurized oxyfuel combustion, also the 264 

increase of the boiler can be obtain due to the possible water condensation [22,23]. Within the Table 265 

4, the results of studies conducted in [22,23] have been presented, concerning the impact of pressure 266 

within the boiler on its energy efficiency. 267 

Further studies of an pressurized oxyfuel combustion power plant have been carried out. The results 268 

of those studies, presented in [24], refers to the pressure in the cycle, based on which we can 269 

conclude that the optimal pressure in the cycle is around 10 MPa [24]. Thus the advantages of the 270 

pressurized over atmospheric oxyfuel combustion can be summarized in the following points: 271 

 the heat integration with the cycle allows to obtain a 2 percentage point increase in the gross 272 

energy efficiency, which correspond to a 3.4 percentage point increase in the net energy 273 

efficiency of the power plant, 274 

 air separation unit, due to the higher oxygen pressure, consumes about 20% more electricity, 275 

 CO2 processing unit has lower energy consumption, due to the smaller quantities of the flue 276 

gases reaching it (possibility of water condensation in the heat integration unit), 277 

 the energy consumption for the CO2 recirculation is lower due to the lower compression 278 

ratios. 279 

 280 

2.4. Moderate and intensive low-oxygen dilution combustion 281 

 282 

Mild and intensive low-oxygen dilution (MILD) combustion, also called high temperature air 283 

combustion, excess enthalpy combustion or flameless oxidation, plays an important role in the 284 

mitigation of combustion based pollutants and greenhouse gases while maintaining the high energy 285 

efficiency regime of the boiler. The most characteristic feature of the MILD combustion technology 286 

is an intense recirculation of combustion products within the chamber, thus the temperature peaks 287 

are suppressed and both the temperature and the species concentrations fields are homogeneous. 288 

This result in low NOx and CO emissions and highly uniform heat fluxes within the boiler. So far, 289 

the MILD combustion technology have found its application in industrial furnaces, based on the 290 

combustion of gaseous fuels or light oils. Within last years, the attempts are made to introduce this 291 

technology into power plants pulverized boilers, as following advantages are foreseen [25]: 292 

 reduction of the size of the boiler due to the increase of radiative heat fluxes, 293 

 possibility of increase of the steam parameters, as high quality steel might be used (more 294 

compact and smaller boilers means less materials), 295 

 stable combustion allows to use low rank coals, 296 
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 low excess air and low NOx emissions. 297 

Typically conventional air-fired boilers are composed of the radiative and convective section. Flue 298 

gases waste heat is recovered by air preheater and the economizer. In MILD combustion, the 299 

adiabatic flame temperature is much higher than that of a conventional boiler and the heat transfer 300 

inside the boiler is dominated by radiation. Thus, it is predicted that the design of a boiler without 301 

the convective section is possible with maintaining the same thermal output. The removal of the 302 

convective heat transfer region will lead to a significant reduction of boiler size and cost [25]. One 303 

of the main problems associated with the MILD combustion application to the power plant boilers 304 

is the need of providing high preheating of combustion air which is technically not easy. It is 305 

usually realised by regenerative heat exchangers. Within last years some new requirements for 306 

establishing the MILD combustion have been presented, which are less strict that expected 307 

previously [26]. Its expected that MILD combustion without preheating will have boarder range of 308 

use that now, also in the power plants pulverized boilers. 309 

Two mechanisms for the MILD combustion to achieve increased thermal efficiency have been 310 

identified [26]:  311 

 “when MILD combustion occurs, the furnace temperature is more uniform, which reduces 312 

irreversible loss of the combustion and heat transfer, 313 

 although the peak temperature of MILD combustion is lower than that of conventional 314 

combustion, the former uses a smaller furnace to achieve a higher average furnace 315 

temperature, which increases the average heat transfer, especially the irradiative heat 316 

transfer”.  317 

Therefore, as suggested by the Authors of [26], the thermal efficiency of MILD combustion is 318 

higher than that for conventional combustion notwithstanding considering the reversible thermal 319 

efficiency or heat transfer. 320 

Most of the R&D projects concerning MILD combustion focus on the design of the boiler itself. 321 

Usually the CFD modelling is used (e.g. [25]). There have been also experiments conducted with 322 

the use of fossil fuels, which gave a very promising results (in terms of combustion stability and 323 

NOx concentrations in flue gases) [27]. In summary, the analysed papers confirms that MILD 324 

combustion technology could be an efficient and clean technology for fossil fuel fired boilers. 325 

 326 

2.5. Mild oxyfuel combustion 327 

 328 
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Some drawback within the oxyfuel combustion process have be overcome, before the application of 329 

the technology can be made, which can be gathered in the following points [28]: 330 

 an oxyfuel flame is less stable compared to the conventional air flame, 331 

 NOx concentrations in flue gases can be on a high level, mainly due to the air infiltration 332 

and accumulation of nitrogen oxides due to the recirculation of flue gases, 333 

 recirculation decrease the overall energy efficiency of the power plant. 334 

As presented in Section 2.4, the MILD combustion technology could address some of those issues 335 

and improve the flame stability, as well as reduce the NOx formation due to the oxygen dilution and 336 

low temperature increment. The overall efficiency could also be increase by utilizing the hot 337 

recycled flue gases. As within the MILD combustion technology, most of the studies focus around 338 

the boiler design, including the CFD modelling. Nevertheless, the experiments with MOFC of 339 

pulverized coal have been conducted (0.4 MW pilot-scale facility), which were successful even 340 

without highly preheated oxidant [29]. Those research proved also, that with the in-furnace 341 

limestone injection, the costly desulphurization process can be neglected [26]. Those research 342 

indicates the feasibility of application of the MOFC technology in industrial application. 343 

In summary the MOFC technology combines the advantages of the presented technologies, or is 344 

following the same pathway (is similar) for the reduction of the energy penalty associated with the 345 

carbon capture process, which was presented in Table 5. As the MOFC technology seeks it way to 346 

the application within the power plants boilers, it seems justified to investigate the potential overall 347 

efficiency improvements resulting from the introduction of this technology. The preliminary 348 

thermodynamic assessment of an integrated mild oxyfuel combustion power plant is the main goal 349 

of the paper. 350 

 351 

3. Thermodynamic assessment of an integrated mild oxyfuel combustion power plant 352 

 353 

Within the preliminary thermodynamic assessment of an integrated mild oxyfuel combustion power 354 

plant the system approach to the energy analysis of complex energy system (to which MOFC power 355 

plant belongs) have be used. The data concerning the new design of the boiler are obtained from 356 

first approach to the CFD modelling made within the Polish-Norwegian Research Programme in the 357 

frame of “Mild Oxy Combustion for Climate and Air” Project [30]. The scope of the project is a 358 

new combustion technology which links advantages of oxyfuel combustion and mild combustion 359 

and which might be used for CO2 capture in a solid fuels combustion units. 360 
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Within the example two case studies with three configurations of supercritical power plant each are 361 

analysed. First two are the reference power plants, including the conventional power plant without 362 

CO2 capture and oxyfuel combustion power plant with CO2 capture. The third case is the MOFC 363 

boiler application within the same power plant. 364 

 365 

3.1. System approach to the energy analysis of an integrated MOFC power plant 366 

 367 

A power plant operating in compliance with the MOFC technology consists of such modules as a 368 

boiler island, steam cycle, cooling water system, water treatment module, air separation unit, flue 369 

gas quality control system and CO2 purification and compression unit (within the whole CCS cycle 370 

also the CO2 transport and storage system have to be included). The necessity of system approach to 371 

the energy analysis results mainly from the interdependence of technological modules, some part of 372 

which is of feedback character. Thus, the integrated MOFC power unit is a system consisting of 373 

energy branches (technological modules) connected with each other by interbranch relations. 374 

Within the paper an complex approach of modelling the energy and material balance of an 375 

integrated power unit is briefly presented. It includes mathematical models of the "input-output" 376 

type evaluating the calculations of direct energy consumption. The algorithm presented in the paper 377 

is the component of the programme concerning system analysis of integrated oxyfuel power plants 378 

"OSA" (Oxy System Analysis). The presented programme has been developed as part of the Polish 379 

National Strategic Project co-realized by the corresponding author, called “Advanced Technologies 380 

for Energy Generation. Project no. 2: Oxy-combustion technology for PC and FBC boilers with 381 

CO2 capture”. The main aim of the programme is to provide a tool for potential investors and 382 

analysts interested in oxyfuel technology, which allows to perform the analysis of direct and 383 

cumulative energy consumption, as well as cumulative exergy consumption, system exergy losses, 384 

thermoecological cost and life cycle assessment [31]. 385 

The presented approach have several advantages over the traditional approach to the process 386 

modelling of complex energy systems by mean of commercial software’s. First of all it is much less 387 

time consuming, as there is no need to build whole detailed process model in order to evaluate the 388 

thermodynamic performance. It also allows to combine the different process models developed in 389 

different software’s, which gives the opportunity to use most suitable one for each technological 390 

module (e.g. more detailed models of air separation unit in Thermoflex then Ebsilon Professional). 391 

The main disadvantage of the proposed approach is that it might lead to slightly under or 392 

overestimated results, as it’s based on the coefficients, but based on the Authors experience in 393 

construction of the input-output mathematical models this is being minimalized. In general the 394 
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presented system approach to the energy analysis of complex energy system is suitable for the 395 

preliminary thermodynamic assessments of new concept of the power plants, which was presented 396 

in this paper. 397 

Fig. 3 presents a simplified scheme of an oxyfuel power plant, for which the OSA programme was 398 

design. Seven main technological modules have been distinguished, which are also identified for 399 

the MOFC power plant. Within this paper the CO2 transport and storage module will be taken into 400 

account in the additional example, as the main aim of this paper is to investigate the possibility of 401 

the reduction of energy penalty associated with CO2 capture process itself. Three groups of energy 402 

carriers and materials are distinguished, viz. main production, by-production and external supplies. 403 

The main products corresponding to technological modules are presented in Fig. 3. Besides them 18 404 

by-products (e.g. process heat, flue gases, make-up water, bottom and fly ash, nitrogen) and 7 405 

external supplies (e.g. coal, raw water, limestone) are considered. The system approach bases on the 406 

“input-output approach” which is represented by the “input-output table” (Table 6) [32]. 407 

The mathematical model of direct energy (and material) consumption comprised of three matrix 408 

equations, referring to the three distinguished groups of energy carriers and materials, viz. main 409 

products, by-products and external supplies [32]: 410 
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Equations (1), (3) and (5) or in matrix notation equations (2), (4), (6) consist of the mathematical 420 

model on an integrated power plant.  Based on the process models and the "input-output" table, the  421 

coefficients of production and consumption can been segregated of an integrated power plant and 422 

gathered in matrices and vectors, concerning respectively coefficients of: 423 
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 the consumption of energy carriers and materials manufactured as main products (matrix  424 

][ ,

G

jiaGA ), 425 

 the consumption of energy carriers and materials manufactured as by-products not 426 

supplementing the main production (matrix  ][ F

j,laFA ), 427 

 the consumption of external supplies not supplementing the main production (matrix 428 

][ D

j,paDA ), 429 

 the by-production of energy carriers and materials not supplementing the main production 430 

(matrix  ][ F

j,lfFF ), 431 

 the by-production of energy carriers and materials supplementing the main production 432 

(matrix  ][ FG

j,ifFGF ), 433 

 the by-production of energy carriers and materials supplementing the external supplies 434 

(matrix  ][ FD

j,pfFDF ), 435 

 the main production of energy carriers and materials (vector ][ iGG ), 436 

 the final production of main products (vector ][ iGKGK ), 437 

 the final by-production of energy carriers and materials (vector ][ lFKFK ), 438 

 the external supply of energy carriers and materials not supplementing the main production 439 

(vector ][ pDDDD ), 440 

 the external supply of energy carriers and materials supplementing the main production 441 

(vector ][ iDGDDGD ). 442 

The presented “input-output” approach, based on the universal structure of matrices and vectors, as 443 

well as the mathematical model of balancing the direct energy and material consumption constitutes 444 

the exploitation part of the life cycle inventory (LCI) for an integrated power plant. 445 

In case of the matrix equation concerning the main production (Eq. 2) , the unknown value is vector 446 

G, which represents the global main production, thus we can obtain the following form: 447 

   DGG

1

FGG DKFAIG 


        (7) 448 

The coefficients of the inverse matrix  FGG FAI   comprise direct and indirect connections 449 

existing in the integrated power plant. These coefficients may be called coefficients of cumulative 450 

energy consumption for the considered integrated power plant. Thanks to this inverse matrix the 451 

method of stepwise approximations in the procedure of setting up the balances of energy carriers 452 

can be avoided. 453 
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In general the MOFC power plant is similar in design to the conventional oxy-fuel combustion 454 

technology and consists of the same technological components. The main difference can be noticed 455 

in the boiler design, where the moderate and intensive low-oxygen dilution oxy-fuel combustion 456 

take place. Flue gas from the boiler are directed to the flue gas quality control module, where de-457 

dusting and desulphurization take place. Then part of the CO2 stream is recycled back to the boiler. 458 

In MOFC significantly lower recirculation rate is required in comparison with the classic oxy-fuel 459 

combustion technology. The remaining part of the CO2 is directed into the CO2 processing unit, 460 

where its further purified and compressed to the required pressure for transport. The CO2 461 

transportation is realised by pipelines and then the CO2 is stored in saline formation (most common 462 

way of the CO2 storage).  Within the boiler island the primary steam is being produced, as well as 463 

reheat of the recycled steam takes place. The steam is used within the water-steam cycle in order to 464 

produce electricity. Oxygen for the MOFC power plant is provided by the air separation unit (most 465 

commonly by the cryogenic separation of air), where a small part of the produced O2 is also used as 466 

oxidizer in the wet flue gas desulphurization instead of air (which prevent the dilution of the CO2). 467 

Cooling water is provided to the condenser in water steam cycle, as well as the air separation unit 468 

and CO2 processing unit for the interstage cooling of the air and CO2 compressors, respectively.  469 

 470 

3.2. Preliminary system analysis (case study no. 1) 471 

 472 

Within the first case study, three cases are being analysed (Table 7). A detailed description of the 473 

proposed reference cases, including conventional air-fired and oxyfuel combustion power plants can 474 

be found in [15]. For them, the process models presented in [15], allowed to construct the “input-475 

output” mathematical models. Within the MOFC case, the new coefficients of consumption and 476 

production of energy carriers and materials (including main products, by-products and external 477 

supplies) for the boiler island have been introduced into the OFC case. It allowed, within the system 478 

approach, to build a new mathematical model of an integrated power plant, which is considered 479 

within this study (MOFC case). Other technological modules have been left the same as in the OFC 480 

case, as the coefficients of production and consumption of energy carriers and materials should 481 

maintain the same.  482 

With the MOFC case, the new column vector of the main production, based on Eq. (7), have been 483 

calculated, assuming the same net power of the power plant (through the column vector of the final 484 

production). The main changes within the MOFC case could be observe with the:  485 

 coefficient of electricity consumption in the boiler island 
Ga 1,2  (drop of about 20% due to the 486 

lower recirculation rate), 487 
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 the coefficient of oxygen consumption in the boiler island 
Ga 1,5  (drop of about 5% due to the 488 

slightly lower oxidizer to coal ratio), 489 

 the coefficient of fuel (coal) consumption in the boiler island 
Da 1,26  (drop of about 2% due to 490 

the slightly higher thermal efficiency of the boiler). 491 

All of those coefficients were estimated based on the literature review, additionally supported by 492 

the mathematical model of the MOFC boiler developed within the Engineering Equation Solver 493 

based on energy and mass balances. It have to been kept in mind, that those results are the first 494 

attempt of the MOFC boiler modelling.  The results concerning the energy efficiencies, as well as 495 

power ratings for all three analysed cases have been presented in Table 8 and Fig. 4. 496 

As presented in Table 8 and Fig. 4, the application of the MOFC technology within the power cycle 497 

of an reference oxyfuel combustion power plant results with almost 1 percentage point increase of 498 

the net energy efficiency. This results mainly from the higher boiler thermal efficiency and lower 499 

consumption of oxygen (which results in lower electricity consumption in air separation unit), as 500 

presented in Fig. 5. 501 

 502 

3.3. Preliminary process and system analysis (case study no. 2) 503 

 504 

Within the second case study three cases are being analysed (Table 9). The mathematical models of 505 

reference air-fired and oxyfuel combustion power plants were build based on the assumption made 506 

within on the final reports of the Polish National Strategic Project “Advanced Technologies for 507 

Energy Generation. Project no. 2: Oxy-combustion technology for PC and FBC boilers with CO2 508 

capture” [33] and a PhD thesis of Jakub Tuka [34]. For the process modelling the Thermoflex and 509 

Ebsilon software were used, as well as preliminary results of the CFD modelling for the MOFC 510 

boiler. The system approach (“input-output” modelling) allows to build a new mathematical models 511 

of an integrated power plants, which are considered within this study (Table 9), combining data 512 

from different process models and other data (Fig. 6). As the example, the water-steam cycle 513 

modelled by means of Ebsilon Professional software was presented in Fig. 7. The data concerning 514 

the MOFC boiler were obtain from the preliminary results of CFD modelling, where the new 515 

industrial supercritical boiler running under mild oxyfuel combustion conditions is proposed. The 516 

basis for the design were: thermal input which is assumed to be 1000 MWch and composition of the 517 

oxidizer which contains 95 vol.% of O2 and 5 vol.% of N2. Comparing to classical oxyfuel 518 

combustion boilers where oxidizer is mixed with recirculated flue gases here oxidizer is supplied by 519 

separate jets. The transport of the pulverized coal is forced by recirculated flue gases which are 520 
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dried, desulfurized and de-dusted.  The origin of the boiler is taken from design proposed by 521 

Schaffel et al. [25] which is  down  fired mild combustion boiler. The fuel and oxidizer are supplied 522 

through the top wall of the boiler by set of specially arranged jets. The inlets are located in such 523 

way that fuel and oxidizer are separated by the distance which does not allow for fast mixing of 524 

both streams. Outlets from the boiler located at the top of the boiler forces to rise boiler internal 525 

gases recirculation. In order to develop flow profile which generate large internal recirculation and 526 

at the same time combustion products riches bottom of the boiler, what is required for long fuel 527 

residence time, fuel and oxidizer inlets cross section is selected to result in both fluxes velocity in a 528 

range of 40 to 70 m/s. Oxidizer inlets arrangement allow for oxidizer to be injected directly inside 529 

recirculated flue gases stream. The final location of the fuel and oxidizer jets is optimized. After 530 

number of numerical tests the final dimensions of the boiler are 36 m long, 19 m high, and 20 m 531 

depth, which are selected to keep firing density in range of 40 to 50 kW/m
3
, and average wall heat 532 

flux in range of 140 to 160 kW/m
2
. The boiler consist 8 identical segments separated by heat release 533 

screens what allows for firing each segment independently. Such design allow for easy control of 534 

boiler load. Each of the segment contains 2 fuel inlets, 2 oxidizer inlets and one outlet. Entire 535 

segment is surrounded by heat release screens which prevent mixing of combustion products with 536 

other (neighbouring) segments. Fuel jets are located close to the screen which creates symmetry 537 

plane along the length of the boiler. Oxidizers are located roughly in the middle of the 1/8th 538 

segment of the boiler. Outlet of the rectangular cross section is located near the side wall of the 539 

boiler at the top wall. The geometry of the new boiler design have been presented in Fig. 8, where 540 

on the left side the boiler dimension have been presented and on the right side  the segment with 2 541 

fuel and oxidizer inlets have been shown. The results of the first approach to the CFD modelling 542 

have been summarized in Table 9. Part of the heat was transferred to the steam cycle within the 543 

CFD modelled part of the boiler, where the rest was utilized in the economizer, superheaters and O2 544 

and CO2 preheaters (modelled in Ebsilon Professional). As presented in Table 9, the NOx have been 545 

neglected, but they will be taken into account in further studies. Other parameters of the analysed 546 

integrated power plant have been summarized in Table 10. The analysed MOFC cycle is not heat 547 

integrated, thus further studies within this topic are also necessary. 548 

Based on the developed process models of the integrated power cycles the “input-output” 549 

mathematical models were constructed. The main differences between the OFC and MOFC could 550 

be noticed when the matrices of the consumption of energy carriers and materials manufactured as 551 

main products ( ][ ,

G

jiaGA ) and the consumption of external supplies not supplementing the main 552 

production ( ][ ,

D

jpaDA ) are compared for both cases:  553 

 reference oxy-fuel combustion power plant (OFC_2): 554 
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 mild oxy-fuel combustion power plant (MOFC_2): 557 
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The most significant differences can be noticed in the consumption of energy carriers and materials 560 

manufactured as main products ( ][ ,

G

jiaGA ) in column 4° which represents the flue gas treatment 561 

plant, due to the lower energy consumption for recirculation ( Ga 4,2
) and lower cooling duty ( Ga 4,3

). In 562 
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the case of the consumption of external supplies not supplementing the main production (563 

][ ,

D

jpaDA ), the value of Da 1,26
 represents the fuel (coal) unit consumption per unit of primary and 564 

secondary steam produced within the boiler. 565 

The results of the thermodynamic assessment have been presented in Table 11. The net efficiency 566 

penalty associated with the carbon capture for the MOFC power plant are lower by 2.12 percentage 567 

point, which is mostly associated with higher boiler efficiency and lower electricity consumption 568 

for the CO2 recirculation. Presented in Table 11 results exclude the CO2 transport and storage, 569 

which will be included in the environmental analysis. The case description for the CO2 transport 570 

and storage have been taken after [35] and summarized in Table 12. As presented in Fig. 9 the 571 

additional drop of net energy efficiency associated with the CO2 transport and storage for assumed 572 

conditions is around 0.6 percentage point (Table 13). 573 

 574 

4. Conclusions 575 

 576 

The mild oxyfuel combustion is a new concept that combines the advantages of moderate and 577 

intensive low-oxygen dilution combustion and oxyfuel combustion for the purpose of an effective 578 

CO2 capture from fossil fuel based power generation. Expected results of MOFC application (e.g. 579 

increase efficiency of the boiler, reduce energy consumption for the recirculation of CO2) will affect 580 

the overall net energy efficiency penalty associated with the CO2 capture in comparison to the 581 

oxyfuel combustion technology. Although several technical problems have to be dealt with before, 582 

as e.g. high temperatures and appropriate construction materials development. 583 

Within the thermodynamic analysis of an integrated MOFC power plant with CO2 capture the 584 

“OSA” programme have been used, which bases on the “input-output approach”. The data 585 

concerning the new design of the boiler are obtained from the first attempts of the CFD modelling. 586 

Three configurations of supercritical power plant are modelled for both investigated cases. The 587 

obtained thermodynamic parameters proves that the new concept of coal-fired boiler design could 588 

be a valid way to improve the overall net energy efficiency of the cycle. Detailed study of the net 589 

energy efficiency for the oxyfuel combustion power plant and MOFC in case study no. 1 shows that 590 

it is possible to increase it by almost 1 percentage point, for which the biggest share (0.61 591 

percentage point) is associated with the increase of boiler thermal efficiency. When the process and 592 

system analysis have been combined within the case study no. 2 the 2.12 percentage point increase 593 

of the net energy efficiency have been obtained, which  is directly associated with the MOFC boiler 594 

implementation.  595 
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Further studies are needed to obtain final results from the CFD modelling, that should also be 596 

validated based on laboratory test. When the final design of the MOFC boiler will be proposed, a 597 

detailed process analysis of the new boiler application within the power cycle should be done, 598 

preferable with the commercial process modelling tools. Further optimization within the MOFC 599 

cycle should be investigated, taking into account the positive effects proposed within the OFC 600 

technology, viz. interstage compressors (both ASU and CPU) heat integration with steam cycle, use 601 

of waste nitrogen to dry the coal (especially when brown coal is concern) and replacement of the 602 

cryogenic air separation unit with membrane one. Furthermore, the ecological and economic 603 

analysis should supplement those efforts to give a full picture of the new boiler design within the 604 

clean coal technology application. 605 

Thus, two thesis were proven within the paper: 606 

 the MOFC technology might be a suitable way to reduce the energy penalty associated with 607 

carbon capture and storage, 608 

 the “input-output” approach can be a helpful tool for the preliminary assessment of the new 609 

technologies, and “OSA” programme can be used for the analysis of new design within the 610 

oxyfuel combustion technology.  611 
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Table 1. Comparison of the CCS technologies including benchmark value of the Technology 

Readiness Level (based on [1,2,3]) 

Technology 
Suitable for 

retrofit 

Slip-stream 

applicable 

Requires O2 

supply 

Requires 

CO2 removal 

Generates 

other fuels 
TRL 

post-

combustion 
YES YES NO YES NO 9 

pre-

combustion 
NO YES YES YES YES 9 

oxyfuel 

combustion 
YES NO YES NO NO 7 

 

 

  

Table



Table 2. Impact of the heat integration on the net efficiency drop (based on [13,14]) 

Steam parameters supercritical (28.5 MPa/600°C/620°C) 

Heat integration no no yes no yes 

Air separation technology none cryogenic membrane 

Net energy efficiency (LHV) [%] 45.9 36.1 36.6 36.4 40.8 

Net efficiency drop (LHV) [p.p.] - 9.8 9.3 9.5 5.1 

 

 

  



Table 3. Comparison of the analysed oxyfuel combustion cases (based on [15,16,17,18]) 

Fuel Boiler Steam cycle* ASU CPU 

Net 

efficiency 

drop (HHV) 

hard coal pulverized super-critical cryogenic dehydration  10.1 p.p. 

hard coal pulverized ultra-super-critical cryogenic dehydration  6.4 p.p. 

lignite pulverized super-critical cryogenic cryogenic 7.6 p.p. 

lignite fluidized bed super-critical cryogenic cryogenic 9.1 p.p. 

biomass pulverized super-critical cryogenic dehydration  12.3 p.p. 

*super-critical steam cycle (24.1 MPa/600°C/620°C) and ultra-super-critical (27.5 MPa/730°C/760°C) 

 

 

  



Table 4. Impact of the pressure in the boiler on its efficiency (based on [22,23]) 

Type of combustion air-fired atmospheric oxyfuel pressurized oxyfuel 

Pressure in the boiler ~patm ~patm 2.62 MPa 8.00 MPa 

Boiler energy efficiency 86.68% 87.85% 94.38% 96.50% 

 

 

 

 

 

  



Table 5. Relation and similarities between presented technologies and mild oxyfuel combustion 

Technology Specific correlation to MOFC 

Mix air and oxygen 

combustion 

 use of oxygen within the oxidizer to increase the CO2 

concentration in the flue gases 

 low or none CO2 recirculation rate  

Conventional oxy-fuel 

combustion 

 O2/CO2 combustion atmosphere 

 CO2 used as transport agent for coal 

 possibility of heat and process integration 

Pressurized oxy-fuel 

combustion 
 lower CO2 recirculation rates 

 higher boiler efficiency 

Moderate and intensive low-

oxygen dilution combustion 

 increase the flame stability 

 intense recirculation of combustion products within the 

combustion chamber 

 lower emissions of pollutants and CO2 

 

 

  



Table 6. “Input-output table” with the distinguished matrices and vectors 

No 
Energy carrier or 

material 

Input part Output part 

M
ai

n
 p

ro
d
u
ct

io
n

 

By-production 

E
x
te

rn
al

 s
u
p
p

li
es

 

Interbranch flows 

F
in

al
 p

ro
d
u
ct

io
n

 

1º … 7º 1º … 7º 

1º 
High and intermediate 

process steam 

G  ][ FG

j,ifFGF  DGD  ][ G

j,iaGA  GK  … … 

7º Stored CO2 

8º 
Low pressure process 

steam 

0 ][ F

j,lfFF  0 ][ F

j,laFA  FK  … … 

25º Wastewater 

26º Coal 

0 ][ FD

j,pfFDF  DD  ][ D

j,paDA  0 … … 

32º Limestone 

 

 

 

  



Table 7. Case description (case study no. 1) [15] 

Case 

Reference air-fired 

power plant 

(REF_1) 

Reference oxyfuel 

combustion power plant 

(OFC_1) 

Mild oxyfuel combustion 

power plant  

(MOFC_1) 

Net power ~ 550 000 kWel 

Steam cycle super-critical steam parameters (24.1 MPa/600°C/620°C) 

Fuels and boiler hard coal / pulverized boiler 

ASU none conventional cryogenic technology (O2 purity 95%) 

FGQC wet flue gas desulphurization, electrostatic precipitators 

CPU none 
only dehydration, no heat integration, 

CO2 compressed to 15.3 MPa 

 

 

  



Table 8. Results of the thermodynamic assessment of the power plants without CO2 transport 

and storage based on system approach (case study no. 1) 

Case 

Reference air-fired 

power plant 

(REF_1) 

Reference oxyfuel 

combustion power 

plant (OFC_1) 

Mild oxyfuel 

combustion power 

plant (MOFC_1) 

Gross power 580 020 kWel 785 900 kWel 776 587 kWel 

Net power 550 030 kWel 548 730 kWel 548 730 kWel 

Gross energy efficiency 43.08% 43.37% 44.26% 

Net energy efficiency 40.84% 30.29% 31.27% 

Net efficiency drop - 10.55 p.p. 9.57 p.p. 

 

 

  



Table 9. Summary of the results concerning the new boiler design obtained from the preliminary 

CFD modelling (case study no. 2) 

Parameter Value 

Stream of recycled CO2 46.73 kg/s 

Stream of O2 83.8 kg/s 

Temperature of CO2 and O2 to the boiler 100°C 

Fuel input (chemical energy) 1 000 022 kW 

Flue gas stream 173.1 kg/s 

Flue gas temperature (from the modelled part) 1 150°C 

Composition of flue gases (wet flue gases) 

CO2 = 56.81 vol.% 

O2 = 6.68 vol.% 

H2O = 32.63 vol.% 

N2 = 3.81 vol.% 

SO2 = 0.06 vol.% 

Ar = 0.01 vol.% 

Amount of heat take within the modelled part of boiler 617 400 kW 

Average temperature inside the boiler 1 220°C 

  



Table 10. Case description (case study no. 2) 

Case 

Reference air-fired 

power plant  

(REF_2) 

Reference oxyfuel 

combustion power plant  

(OFC_2) 

Mild oxyfuel combustion 

power plant  

(MOFC_2) 

Gross power ~ 460 000 kWel 

Steam cycle super-critical steam parameters (29 MPa/600°C 620°C) 

Fuels and boiler hard coal / pulverized boiler / air ratio 1.15 

ASU none 
conventional cryogenic technology (O2 purity 95 

vol.%), no heat integration 

FGQC 
wet flue gas desulphurization, electrostatic precipitators, no heat 

integration 

CPU none 
with CO2 purification to 95 mol.%, CO2 

compressed to 13 MPa, no heat integration 

 

 

 

  



Table 11. Results of the thermodynamic assessment of the power plants without CO2 transport 

and storage based on process and system approach (case study no. 2) 

Case 

Reference air-fired 

power plant 

(REF_2) 

Reference oxyfuel 

combustion power 

plant (OFC_2) 

Mild oxyfuel 

combustion power 

plant (MOFC_2) 

Gross power 460.05 MWel 460.10 MWel 456.98 MWel 

Net power 437.71 MWel 328.27 MWel 338.62 MWel 

Gross energy efficiency 47.38% 46.96% 48.40% 

Net energy efficiency 45.08% 33.51% 35.64% 

Net efficiency drop - 11.57 p.p. 9.44 p.p. 

 

 

  



Table 12. Case description - CO2 transport and storage (for case study no. 2) [35] 

CO2 transport and storage module 

Transport option Onshore pipeline 

Pipeline length 100 km 

Pipeline diameter ~ 0.4 m 

Electricity consumption 0 MWh/MgCO2 (no recompression along the way) 

Storage site Saline aquifer 

Electricity consumption 0.013 MWh/Mg CO2 

Brine water management Reinjection without treatment 

Brine water production 1.4 Mg/Mg CO2 

Electricity consumption 0.0033 MWh/Mg 

 

 

  



Table 13. Results of the thermodynamic and environmental assessment of the power plants with 

CO2 transport and storage based on process and system approach (case study no. 2) 

Case 

Reference oxy-fuel 

combustion power plant 

with CO2 storage 

(OFC_CCS_2) 

Mild oxy-fuel combustion 

power plant with CO2 

storage 

(MOFC_CCS_2) 

Net energy efficiency 32.91% 35.03% 

Net efficiency drop associated 

with CO2 transport and storage 
0.6 p.p. 0.61 p.p 

 



Fig. 1.  Carbon capture and storage technologies (based on [4]) 

Fig. 2.  Net energy efficiency (HHV) of referenced air-fired and oxyfuel combustion power plants 

(based on [5]) 

Fig. 3.  Block diagram of an integrated MOFC power plant and its interconnections with domestic 

economy, domestic energy system and the environment 

Fig. 4.  Comparison of the net energy efficiency of all three analysed cases (case study no. 1) 

Fig. 5.  Net energy efficiency of referenced oxyfuel combustion and mild oxyfuel combustion 

power plants (case study no. 1) 

Fig. 6. The construction of the “input-output” mathematical model of an integrated power plant 

Fig. 7. Flow diagram of water-steam cycle (HPT - high-pressure turbine; IPT - intermediate pressure 

turbine; LPT - low pressure turbine; CON - condenser; P - pump; RHE - regenerative heat exchanger; 

TP - turbo-pump; DEA - deaerator)  

Fig. 8. The mild oxyfuel combustion boiler (left side). The 1/8
th
 segment of the mild oxyfuel

combustion boiler with arrangement of fuel, oxidizer and outlet openings (right side). 

Fig. 9.  Comparison of the net energy efficiency of all three analysed cases, including also the cases 

with CO2 transport and storage (case study no. 2) 

Figure Captions
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