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Abbreviations and Acronyms 

ACC  absorption chiller circuit 

AP  air preheater 

CCHP  combined cooling, heating and power 

CECO  condensate economizer (preheater) 

CHP  combined heat and power 

COP  coefficient of performance 

CP  condensate pump 

DA  deaerator tank 

DH  district heating 

DHC  district heating circuit 

ECO  economizer 

ESP  electrostatic precipitator 

EVAP  evaporator 
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FP  feed pump 

FRP  flat rolled products  

FT  feed tank 

FWP  feedwater pump 

HP  high pressure 

HPHD  high pressure heat demand 

HPPS  high pressure process steam 

HPT  high pressure turbine 

HRSG  heat recovery steam generator 

HTDH  high temperature desuperheater 

LP  low pressure 

LPHD  low pressure heat demand  

LPPS  low pressure process steam 

LPT  low pressure turbine 

LS  live steam 

LTDH  low temperature desuperheater 

MBM  meat and bone meal 

MPT  medium pressure turbine 

MSW  municipal solid waste 

NGCC  natural gas combined cycle 

ORC  Organic Rankine Cycle 

RH  reheater 

SG  steam generator 

SPL  spent pot lining  

SRF  solid recovered fuel 

TDF  tyre derived fuel 
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1. Introduction 

1.1. Framework of the study 

Heat and power cogeneration (CHP) is a widely established technology to achieve increased energy 

efficiency due to the simultaneous production of electricity and heat. Biomass combustion technolo-

gies can be integrated to industrial processes requiring heat at medium or high temperature levels. 

For CHP units, the resulting process heat can be either a primary or secondary product, while with 

the use of state-of-the-art pollution abatement systems and flue gas condensation units, residual 

waste heat can be discharged at lower temperature (usually below 100 °C), it is thus suitable for 

space or district heating, heat recovery within the plant or for low-temperature industrial heat duties. 

The provision of process heat, particularly through biomass utilisation, is projected to display the 

largest potential among renewable energy sources by 2050, corresponding to a share of 74% of the 

total renewable energy potential of 50 EJ/a [1]. The design of highly efficient next generation bio-

mass-fuelled CHP plants, which is the main ambition of the Biofficiency project, can contribute to-

wards this direction.  

The load profile and temperature level of the consumer side have a crucial influence on the expected 

heat requirement while the planning of a biomass plant to match the demands becomes important. 

Energy storage is currently considered in order to increase the flexibility of CHP and CCHP plants. 

In this study, the main goal is to investigate the potential for high electrical, cogeneration and trigen-

eration efficiencies of biomass combustion plants from a thermodynamic standpoint. The investiga-

tion of location-specific demand profiles (power, heating and cooling) was out of the scope of the 

present work. Dynamic characteristics of the CHP plant operation will be addressed in subsequent 

simulations also considering part-load operation. These follow-up simulations will focus on the 

MHPSE boiler design which is being developed in the framework of the project. This study aims to 

present thermodynamic modelling results for biomass CHP/CCHP configurations for generating both 

industrial process heat and district heating/cooling, as well as power. Particularly, the following as-

pects will be analysed. 

1. The effect of industrial process type on CHP/CCHP plant characteristics and efficiency:  

Two energy-intensive industries which require medium and high temperature process heat were 

considered, the pulp and paper and alumina/aluminium industries. 

2. The effect of live steam thermodynamic state on cycle efficiency: One subcritical and one su-

percritical cycle case will be analyzed for the process industries mentioned. 

3. Effect of cycle parameters: 

Selection of reheat steam pressure and the impact of bleed fraction values on efficiency results 

are herein reported. 

4. Scenarios with varying high pressure process steam ratios and district heating and cooling gen-

eration of the CHP/CCHP plants. For the different scenarios, the coupling potential of the devel-

oped layouts with reference plants (pulp and paper or alumina/aluminium) is discussed. 

Finally, the state-of-the-art for biomass utilization, as well as further options for biomass CHP in the 

cement industry are presented. 
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1.2. Alumina/aluminium industry 

1.2.1 Overview 

Based on data from the European Aluminium Association, aluminium production has steadily in-

creased over the last 70 years and currently the worldwide production amounts to approximately 

65,000 kt [2]. Production levels have peaked after 1990 and especially after 2000, with China domi-

nating most of the market (about 55% of total production). While USA have greatly reduced its pri-

mary production levels during the last years, the European industry occupies a significant share of 

the total amount with almost 4,500 kt in 2017 (8% of total production). An increase of 1.7% was 

noted, while a positive outlook is also expected for the current year, driven by a strong demand from 

existing and new end-use sectors. In Europe, known bauxite deposits are located in Italy, Greece 

and the Balkan region, as well as in Spain and France. Specific deposit locations in the Mediterra-

nean Area are shown in Fig. 1. Concerning the market status in Europe, there is an established 

aluminium value chain with more than 600 plants operating in various sectors: raw materials (e.g. 

bauxite to alumina), primary metal production, semi-fabrication (e.g. rolling, extrusion) and recycling 

[2]. Both multinational, such as in the case of smelters and rolling mills, and small to medium enter-

prises, such as in the case of extrusion and recycling plants, are involved. Moreover, several down-

stream processing plants may be linked to the sector (such as aluminium casting manufacturers and 

foil-manufacturing plants). A continuous increase in the demand for semi-fabricated aluminium was 

monitored in Europe during 2017. The growing demand for Flat Rolled Products (FRP) was driven 

mainly by transportation (particularly automotive) and packaging industries. For extrusion products, 

the growth for 2017 (+ 4.5%) was principally attributed to the transportation industry and to the re-

covery of the building and construction sector.  

 

Fig. 1. Map of the bauxite deposits in the Mediterranean Area (adapted from Goodenough et al. [3]). 

1.2.2 Process description 

The process steam requirements of the Aluminium plant were retrieved from the Aluminium of 

Greece (AOG) [4]. A natural gas fired combined cycle (NGCC) cogeneration plant, located at Aspra 

Spitia (Viotia Region, Greece), operates to supply heat for the nearby alumina/aluminium plant and 

electricity, which is being fed to the grid. The plant consists of two natural gas fired gas turbines of 

135 MWel nominal power output and an efficiency of 33.3% and an 84 MWel steam turbine. The plant 

condenser is seawater-cooled and operates at 0.05-0.07 bar. Steam at two pressure levels (high 

and medium) is produced by two heat recovery steam generators (HRSGs) and an auxiliary dual 

fuel boiler supplies heat when the gas turbines are not in operation. A natural gas preheating system 

operates with heat derived from the alumina/aluminum plant condensates. On a daily basis, the gas 

turbines operate on an alternating schedule, one gas turbine at nearly baseload and one in standby 

mode. Consequently, the steam turbine operates at ca. 10-20 MW, a much lower power output than 

its nominal. This operating scheme is attributed to the fact that the power plant aim is to supply the 
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alumina/aluminium plant with steam. The two plants are directly coupled and the cogeneration plant 

is in constant operation.  

Process steam at two pressure levels is used in the Bayer process, during which alumina is extracted 

from bauxite ores. More specifically, high pressure superheated steam (290 °C, 68 bar) is used for 

the digestion of a mixture of crushed and milled bauxite and sodium hydroxide (NaOH) at tempera-

tures ranging from 180 to 270 °C [5, 6]. The alumina present in bauxite is dissolved as sodium 

aluminate (NaAlO2). The solution is filtered, while the inert bauxite residues are separated by pre-

cipitation. Water is added to the rich solution which is thus diluted and cooled. The ensuing crystal-

lization leads to the formation of hydrated alumina, which is collected via special filters. The hydrated 

alumina is dehydrated at high-temperature furnaces (above 1000 °C) and subsequently used for the 

aluminium production. Meanwhile, low pressure superheated steam (15 bar, 198 °C) is used to re-

move the water content of the diluted sodium hydroxide solution and recycle it to be reused. As it 

can be observed in Fig. 2, the CHP plant is considered to cover the aforementioned process steam 

requirements, excluding the high temperature heat required for calcination. Furthermore, the addi-

tional integration of district heating and cooling via a thermally-driven absorption chiller is investi-

gated. Process steam losses are taken into account as shown in Table 3 later. 

 

 
  

Fig. 2. Integration of the biomass CHP/CCHP plant in the alumina production industrial process. 

 

1.3. Pulp and paper industry 

1.3.1 Overview 

Several products are produced by pulp and paper industries such as packaging paper, office/printing 

paper and hygienic paper. Concerning the market status, China is the world’s leading paper and 

paperboard producer country, however, the international pulp and paper market is dominated by 

companies from North America, Northern Europe and Japan. The worldwide paper and cardboard 

production is currently over 400 million metric tons per year. An overview of the overall production 

volume distribution (2012 data) is given in Table 1.  
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The pulp and paper industry is a major sector for the EU economy, which provides 177,000 direct 

job positions and 1.5 million in the broader value chain. The sector has a turnover of 82 billion € and 

contributes about 19 billion € to the EU GDP, occupying also an export rate of 22% [7]. In 2016, the 

sector‘s total primary energy consumption was 1,327,955 TJ, 58.8% of which was provided from 

biomass, while the total electricity consumption was 96,452 GWh, with 96% of the electricity pro-

duced in CHP plants. Moreover, the specific primary energy consumption for 2016 was 12.98 TJ per 

kt product, while the specific electricity consumption reached 0.94 MWh per kt [7].  

Table 1: Global paper and board production in 2012 [8]. 

Region Paper and board  (kt/year) Pulp (kt/year) 

EU 92,056 36,597 
Brazil 10,260 14,076 
Canada 10,751 17,073 
China 102,500 18,198 
India 10,242 4,095 
Indonesia 10,247 4,710 
Japan 26,082 8,642 
South Korea 11,334 7,519 
USA 74,376 50,351 
Other countries 52,138 19,952 

World 399,986 181,213 
 

1.3.2 Process description 

Wood is the basic raw material of pulp production and it is typically subject to debarking, chipping 

and conveying for feeding the process. Cellulose and hemicellulose are of interest as major ingredi-

ents and occupy about 60-65% of wood mass. In order to detach them from lignin, pulping takes 

place which can be carried out with various methods such as chemical, mechanical, semi-chemical, 

recycled/secondary fiber pulping and other. From those pulping processes, chemical pulping is usu-

ally applied. Among the alternatives, the Kraft process is the most common. In the Kraft process, 

wood chips are pre-steamed and then mixed with an alkaline solution, named “white liquor”, which 

contains sodium hydroxide and sodium sulfide. The mixture is stored in a digester and “cooked” at 

about 160-170 oC. Afterwards, pulp processing occurs to remove uncooked chips and recycle resid-

ual cooking liquor. A chemical-recovery sub-process is used to recover pulping chemicals by up to 

98%. The processes involved are black liquor concentration, black liquor combustion (recovery 

boiler), recausticizing and calcining (lime burning). A process step of bleaching, an energy intensive 

process which removes the color from the pulp, is required to produce white paper and board. In 

addition, pulp drying follows in the case of isolated pulp and paper plants for efficient transportation, 

although integrated mills are typically larger and more profitable than non-integrated mills. Pulping 

and drying are among the most energy-consuming processes. Kraft pulping typically consumes 

about 4.4 GJ steam and around 406 kWhel per ton of pulp [8]. 

In a modern pulp mill, the recovery boiler energy production is sufficient to cover the evaporation 

and digester needs, while for a large integrated pulp and board/paper mill, an additional boiler is 

usually required. Considering the Metsä Group, Rauma and Joutseno pulp mills have no additional 

boiler, while Äänekoski and Kemi pulp and board mills have a BFB boiler which burns wet bark. In 

the case of Äänekoski mill, steam is also supplied to other industries in the region. The present re-

port considers an alternative scenario where a CHP plant fueled with pretreated biomass is coupled 

with an integrated pulp and paper mill. Of course, such a concept could be applicable to a stand-

alone board and/or paper mill (taking into account the necessary modifications). Moreover, the state-

of-the-art integrated mills such as those operated by the Metsä Group would typically not re-quire 

high-temperature steam for the mill sub-processes. In this study, steam temperatures up to 600 °C 

were considered for the CHP plant, which could be useful for increasing the power output or supply-

ing steam to industrial players in the vicinity of the mill.   
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The steam level requirements of the pulp and paper production plant have been retrieved from [9-

11] considering the Kraft process. The main steam requirements within this process involve medi-

um pressure steam (10 bar, 180 °C) that is used for cooking the wood chips in the digesters for the 

production of pulp (referred as “high pressure steam” in the context of this study), as well as low 

pressure steam for black liquor evaporation (3 bar, 150 °C) and paper drying (1.4 bar, 130 °C). The 

MP and LP levels are similar to the steam levels in the Äänekoski mill (Metsä Group), which are 12 

bar and 3 bar, respectively. Since an integrated pulp and paper mill is considered, no pulp drying is 

required. Meanwhile, it is assumed that the end-products of the mill are corrugated boxes and gro-

cery bags and therefore no pulp bleaching is needed. Contrary to the case of the Aluminium pro-

cess, no condensate return to the CHP plant was considered assuming direct heating of the materi-

al streams. Due to the fact that a significant amount of low pressure steam at 1.4 bar is used for 

paper drying, no thermally-activated cooling was considered in this case. This decision was based 

on the fact that the absorption chillers are driven by steam of approximately the same pressure, and 

hence their operation is heavily antagonistic to the primary objective of the CHP plant, for which the 

generation of the industrial heat is prioritized. Thus, throughout this report, CHP configurations are 

only considered for the pulp and paper plant as also discussed in Section 2, considering both pro-

cess heat demand and district heating. The overall concept of the biomass CHP plant integration to 

the aforementioned pulp and paper industry is shown in Fig. 3. Although it is not explicitly shown in 

Figs. 2 and 3, flue gas is considered as another source of heat recovery for district heating, in addi-

tion to LP steam. This option will be further discussed in Section 2. 

 

 

Fig. 3. Integration of the biomass CHP plant in the pulp and paper industrial process. 
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2. Plant description and modelling 

2.1. Fuel properties and composition 

The CHP plant is assumed to operate with steam-exploded bark pellets. Bark is readily available as 

a by-product in pulp and paper facilities and can also be used as a fuel in neighboring industries, 

such as alumina/aluminium. Steam-exploded bark is an appealing fuel for use in supercritical bio-

mass boilers, since it has reportedly favorable high-temperature combustion properties [12, 13]. 

Moreover, the fuel is advantageous in pulverized fuel boilers, which is associated with better grinda-

bility properties and reduced mill power consumption [13]. Furthermore, steam-exploded bark has 

enhanced hydrophobicity and thus it can be stored outdoors with reduced overheating risk when 

piled, while on top of that, black pellets constitute a mechanically durable, compact and dense ma-

terial [13]. The fuel composition and dry-basis high heating value (HHV) considered in the present 

modelling study are presented in Table 2. The fuel composition was based on fuel analyses from 

Deliverable 2.2, based on steam explosion tests carried out by Valmet. Of course, the limited avail-

ability of pretreated bark for fueling a large-scale boiler could necessitate the co-combustion with 

other types of waste biomass, deriving from the wood processing industry or agricultural activities.  

Table 2: Ultimate analysis and higher heating value of steam-exploded bark pellets. 

 

 

 

 

 

 

 

2.2. CHP and CCHP plant modelling 

The CHP and CCHP water/steam cycle models were developed in Aspen Plus™ software by build-

ing upon the plant layouts proposed by Mitsubishi Hitachi Power Systems Europe (MHPSE) within 

the framework of the project. The layouts of the Aluminium and Pulp and Paper CHP/CCHP plants 

(in this report, this description will be adopted to denote the CHP/CCHP plant itself considered for 

each industry), which are depicted in Fig. 4 and Fig. 5, respectively, were set up by taking into ac-

count the specific steam characteristics of the two processes, as presented in Sections 1.2 and 1.3. 

Both plants feature a reheat Rankine cycle, including multiple turbine stages at a high (HPT), medium 

(MPT) and low (LPT) pressure. The cycle includes multiple intermediate steam extraction nodes at 

different pressures, in which the steam flow is split in multiple streams and subsequently used for 

covering heat demands or conveyed to the regenerative preheaters/economizers, while one bleed 

stream is conveyed to the deaerator (DA). The boiler consists of a steam generator (SG), which 

includes a preheater, evaporator and superheater, as well as a reheater (RH), in which superheated 

steam exiting the HPT is reheated. The flue gas exiting the SG is used for preheating the combustion 

air in the air preheater (AP). In principle, the process steam temperature must be slightly higher than 

the saturation temperature, in order to ensure efficient heat transfer. Therefore, a high (HTDH) and 

low (LTDH) temperature desuperheater are considered for cooling down and conditioning the ex-

tracted steam to the desired temperature. The positioning of these heat exchangers differs in the 

two industrial applications, due to the different pressure levels of the required process steam. Mean-

while, the heat recovered in these desuperheaters is used for preheating the feedwater before it 

enters the boiler. Makeup water is provided into the circuit in the condensate preheaters. In the case 

of the Aluminium plant, the condensate return process streams are driven to the high (HTECO) and 

Ultimate analysis (dry basis) (wt.%) 

C 56.21  
H 6.87  
O 31.82  
N 0.45  
S 0.47  
Ash 4.18  

Moisture (wt.%, ar basis) 7.25  
HHV (MJ/kg, dry basis) 21.51  
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low (LTECO) feedwater preheaters, respectively, according to the process steam pressure level. As 

previously described, steam is also extracted for driving an absorption chiller for the production of 

cooling and for the generation of district heating, by flowing through the heat exchangers in the 

absorption chiller (ACC) and district heating (DHC) circuits, respectively. The condensates from the 

DHC and ACC heat exchangers are driven to the condensate preheaters. Additional heat for the 

DHC is recovered by assuming flue gas cooling in a flue gas condensation unit which is installed 

prior to the plant stack.  

The investigated heat demand loads and supply/return pressures and temperatures of industrial 

process steam and streams used for district heating and thermal cooling are summarized in Table 

3. Certain ratios of the mass flow rates of the extracted process steam (HPPS, LPPS and drying, the 

latter in the case of the pulp and paper process) are fixed to specific values corresponding to the 

production of a unit of alumina and pulp, as retrieved from the literature studies mentioned. Particu-

larly, in the alumina extraction process the mass flow rate of the LPPS is equal to 27% of the mass 

flow rate of the HPPS. In the case of the pulp and paper process, the mass flow rates of LPPS and 

the drying steam flows are equal to 201% and 253% of the mass flow rate of the HPPS, respectively. 

Consequently, the sole independent, “free” variable that determines the process heat production of 

the plants is the fraction of the extracted HPPS from the cycle. In essence, the amount of HPPS 

depends on the desired heat-to-power ratio (σ) of the plant, which is determined by economic criteria 

(for example the prices of heat and electricity). In the present study, different cases for the extracted 

HPPS ratio are investigated. 

In the case of the Aluminium plant, the HPPS mass flow rate is determined by setting the bleed 

fraction of the HPPS in the respective steam extraction node equal to 0% (no process heat, Case I), 

25% (Case II) and 50% (Case III) of the total steam flow entering the node.  In the case of the pulp 

and paper plant, the bleed fraction of the HPPS in the corresponding node is set to 0% (no process 

heat, Case I), 5% (Case II) and 10% (Case III) of the total steam flow entering the node. Regarding 

the steam extracted for the production of district heating and cooling in the case of the Aluminium 

plant the bleed fraction of the extracted steam at the respective nodes is set to 0% (no steam), 5% 

(for ACC) and 50% (for DHC). Thus, a much lower demand for district cooling was assumed in 

comparison with district heating. In the case of the pulp and paper plant, only CHP generation sce-

narios are considered with steam bleed fractions of 0%, 25% and 50%. In both configurations, even 

when no LP steam is extracted for the district heating or cooling network (Case a), district heating is 

produced through flue gas condensation by valorizing the remaining thermal energy of the flue gas 

after the AP module. All the investigated cases in this report are summarized in Table 4. 
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Table 3: Process heat, district heating and cooling demands for the biomass CHP/CCHP plants 

coupled with the Alumina and Pulp and Paper industries. 

Steam 

extraction 

Supply steam and 

condensate conditions 

Percentage of 

supply steam 

Percentage of 

losses 

Aluminium 

industry 
supply return   

HPPS 68 bar, 290 °C 68 bar, 150 °C 0, 25, 50% of flow 15% of flow 

LPPS 15 bar, 198 °C 15 bar, 150 °C 27% of  HPPS 15% of flow 

DHC 1.4 bar 1.4 bar 0, 50% of flow 0% of flow 

ACC 1.4 bar 1.4 bar   0, 5% of flow 0% of flow 

Pulp and paper 

industry 
supply return   

HPPS 10 bar, 180 °C 10 bar, 70 °C 0, 5, 10% of flow 100% of flow 

LPPS 3 bar, 150 °C 3 bar, 70 °C 201% of HPPS 100% of flow 

Paper drying 1.4 bar 1.4 bar 253% of HPPS 100% of flow 

DHC 1.4 bar 1.4 bar 0, 25, 50% of flow 0 % 

 

Table 4: Summary of the CHP and CCHP scenarios/cases considered in this study (the scenarios 

apply for both live steam conditions i.e. subcritical and supercritical plants). 

Scenarios 
(Aluminium) 

HPPS 
LPS for 

DHC 
LPS for 

ACC 

Scenarios 
(Pulp and 

paper) 
HPPS 

LPS for 
DHC 

Ia 0% 0% 0% Ia 0% 0% 
Ib 0% 50% 0% Ib 0% 25% 
Ic 0% 50% 5% Ic 0% 50% 
IIa 25% 0% 0% IIa 5% 0% 
IIb 25% 50% 0% IIb 5% 25% 
IIc 25% 50% 5% IIc 5% 50% 
IIIa 50% 0% 0% IIIa 10% 0% 
IIIb 50% 50% 0% IIIb 10% 25% 
IIIc 50% 50% 5% IIIc 10% 50% 

* Percentage values denote steam bleed fractions used for process heat and district heating/cooling. 
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2.3. Assumptions and performance indicators 

Steam-exploded bark is combusted in a pulverized biomass boiler for which a maximum flue gas 

temperature of 1300 °C is considered [14]. The fuel thermal input in the boiler is equal to 300 MW th. 

Combustion equilibrium calculations were performed by Gibbs free energy minimization in Aspen 

Plus. The mass flow rate of the combustion air (and hence the air/fuel ratio) is determined so that 

the flue gases exit the combustion module at the aforementioned temperature. The mass flow rate 

of the water in the steam generator (SG) along with the temperature of the flue gas at its outlet are 

calculated by assuming a pinch point difference of 20 °C. The ambient/reference temperature is 

assumed equal to 25 °C, while the ambient pressure is equal to 1.013 bar (ambient temperature 

corresponds also to combustion air and cooling/makeup water temperature). Moreover, the temper-

ature approach between the combustion air and flue gas flow at the air preheater outlet was set to 

20 °C. The supply/return temperature of the water circulating in the DHC and ACC is 85/45 °C and 

100/95 °C, respectively. Low pressure steam at 1.4 bar is extracted and conveyed to both circuits, 

so that the pinch point in the respective heat exchangers is equal to 10 °C, based on the assump-

tion that the condensate returns from these circuits subcooled by 5 °C. For the heat recovery from 

the flue gas to the DHC, an exit temperature of 85 oC is considered for the flue gas. The bleed 

fraction of the steam diverted to the regenerative preheaters (ECOs) and the deaerator tank (DA) is 

selected, so that the water at their outlet is subcooled by 5 °C. If this is not possible the bleed fraction 

is set to zero. The aforementioned, as well as some additional modelling assumptions, are summa-

rized in Table 5. The performance of the CHP plant is evaluated for two live steam conditions. In the 

first, the steam at the HPT inlet is at subcritical state (160 bar, 560 °C), while in the second it is at 

supercritical state (240 bar, 600 °C). The live steam (LS) and reheat (RH) temperatures are assumed 

to be identical for both subcritical and supercritical boilers. 

The investigated performance indexes are the electrical, heating, cooling and trigeneration (CCHP) 

efficiencies of the plant, calculated on LHV basis. These are defined by the following equations: 

 
𝜂𝑒𝑙

=
𝑃𝑒,𝑛𝑒𝑡

�̇�𝑓𝐿𝐻𝑉𝑓,𝑎𝑟
 Eq.  1 

𝜂ℎ =
�̇�ℎ

�̇�𝑓𝐿𝐻𝑉𝑓,𝑎𝑟
 Eq.  2 

𝜂𝑐 =
�̇�𝑐

�̇�𝑓𝐿𝐻𝑉𝑓,𝑎𝑟
 Eq.  3 

𝜂𝑡,𝐶𝐶𝐻𝑃 =
𝑃𝑒,𝑛𝑒𝑡 + �̇�ℎ + �̇�𝑐

�̇�𝑓𝐿𝐻𝑉𝑓,𝑎𝑟
= 𝜂𝑒𝑙 + 𝜂ℎ + 𝜂𝑐 Eq.  4 

In the case of the pulp and paper industry, Eq. 4 can be applied to calculate the CHP efficiency, with 

c set to zero. Furthermore, the exergetic electrical and trigeneration efficiencies are also calculated, 

according to the equations: 

e,net

ex

f

P
=

E
  Eq.  5 

,

e,net h c

ex CCHP

f

P E E
=

E


 
 Eq.  6 

The exergy of the fuel is calculated via the equation [15]: 

1.047(1 )f f w f,db w wE m x HHV x e      Eq.  7 
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In Eq. 7, xw and ew are the fuel moisture content and the specific exergy of water (50 kJ/kg) [16], 

respectively. The produced heat Q̇h is the sum of the utilized industrial heat and the useful heat 

supplied to the DHC, while the cooling generation is calculated by considering the COP of the ab-

sorption chiller via the equation: 

,c AC h ACQ COP Q  Eq.  8 

The exergy of the process steam and ACC/DHC supply water streams is calculated via the flow 

exergy equation [17]: 

fl

ref ref refE = m h - h -T (s - s )    Eq.  9 

The exergy of the generated heating and cooling is calculated via the following equations [18, 19]: 

fl fl

h PS sw,DHCE = E +E  Eq.  10 

ref c

c c

c

T T
E = Q

T

 
 
 

 Eq.  11 

 

Table 5: Cycle modelling assumptions. 

Boundary conditions  
Maximum flue gas temperature at combustion chamber [14] 1300 °C 
Steam generator temperature approach [20] 20 °C 

Air preheater temperature approach  20 °C 

Cooling/make-up water temperature/pressure 25 °C, 1.013 bar 
District heating water pressure and supply/return temperature [21] 85/45 °C, 2 bar 
Absorption chiller water supply/return [22, 23] 100/95 °C, 2 bar 
Absorption chiller chilled water temperature [24] 7 °C 

Efficiencies and constraints  
Isentropic efficiency of turbines (HP, MP, LP) [25, 26] 0.89/0.92/0.90 
Isentropic efficiency of pumps [25] 0.80 
Mechanical and generator efficiencies [25] 0.99 
Non-flue gas heat losses in steam generator [27] 1.65% 
Minimum allowable pinch point value in heat exchangers [28, 29] 5 °C 

Efficiency of heat exchangers (not included in steam generator) [26] 99.5 % 
Temperature approach in DHC and ACC heat exchangers 10 °C 

Pressure drop in steam generator 35 bar 
COP of single-effect absorption chiller [24] 0.7 

Cycle design parameters  
Fuel thermal input  300 MWth 
HP turbine inlet pressure and temperature (supercritical case) 240 bar, 600 °C 

HP turbine inlet pressure and temperature (subcritical case) 160 bar, 560 °C 

Reheat temperature [27] =LS temperature 
Reheat pressure 45 bar 
Condensation pressure and temperature [25, 26] 0.05 bar, 35.5 °C 

Deaerator pressure [26] 12 bar 
Water temperature outlet of reg. preheaters and deaerator tank 5 °C subcooled 

Condensate return temperature from ACC and DHC 5 °C subcooled 

Steam extraction pressure for ACC and DHC 1.4 bar 
Flue gas exit temperature at stack  85 °C 
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Fig. 4. Layout of the developed CHP/CCHP steam cycle model for the alumina/aluminium plant. 
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Fig. 5. Layout of the developed CHP steam cycle model for the pulp and paper mill plant. 
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3. Results and discussion 

3.1. Parametric analysis: energetic efficiency, exergetic efficiency and 

heat-to-power ratio 

For the modelled cases in this study, an optimization was performed for the selection of the 

turbine inlet pressure and reheat pressure. The selection of these operating parameters was 

based on the maximization of the electrical efficiency of the cycles, in accordance with the 

calculated values presented in Fig. 6. From these diagrams, it can be observed that the elec-

trical efficiency is maximized when the HP turbine inlet pressure is maximized and the reheat 

pressure is equal to approximately 45 bar for a constant live steam temperature of 600 °C. The 

electrical efficiencies presented in Fig. 6 apply to the plant layouts without steam extraction for 

process heat, district heating and/or cooling.  

  
Fig. 6. Electrical efficiency as a function of the HP turbine inlet pressure and the reheat 
pressure for the aluminium and pulp and paper CHP plants. 

 

The performance of the subcritical and supercritical aluminium and pulp and paper CHP/CCHP 

plants under the investigated scenarios is depicted in the diagrams of Fig. 7 and Fig. 8, re-

spectively. In both of these figures, the electrical, heating, cooling and overall energy efficiency 

indexes are plotted. Furthermore, the exergetic electrical and overall efficiency, as well as the 

heat-to-power ratio, are shown. A higher HPPS bleed fraction results in a decrease in the 

electrical efficiency and increase of the heat-to-power ratio for a given steam bleed fraction for 

DHC/ACC in all cases, as expected due to the decreased electricity output of the CHP/CCHP 

plants. A net electrical efficiency higher than 36.0% was obtained for Case Ia for the supercriti-

cal-steam aluminium plant, while the corresponding case for the pulp and paper plant ex-

ceeded 43.5%. By increasing steam bleed fractions to meet heat demand, electrical efficiency 

values gradually decreased to about 20.0% and 30.0% for the aluminium and pulp and paper 

plant cases, respectively.  

The lower electrical efficiency values of the aluminium CHP/CCHP plant layouts are balanced 

by a higher trigeneration efficiency for the cases of increased process heat, district heating and 

absorption cooling generation scenarios. When considering steam extraction only for process 

heat (Cases “a”), the higher electrical efficiencies of the pulp and paper CHP configurations 

compared to the aluminium plant layouts can be attributed to the fact that in the former, lower 

enthalpy steam is consumed within the industrial process at both pressure levels, while signif-

icantly lower mass flow rates of high pressure steam were considered compared to the alu-

minium case (approx. lower by a factor of 6). 
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Fig. 7. Performance of supercritical (left column) and subcritical (right column) aluminium 
CHP/CCHP plants under the investigated scenarios. 

 

A significant increase in the heat-to-power ratio was found for the case of the aluminium plant 

when increasing the HPPS share (proceeding from Case I to Case III) and the LP steam ex-

traction ratio for district heating and cooling (proceeding from Case a to Case c). Specifically, 

the heat-to-power ratio increases from less than 0.2 to values higher than 3.3 for the Cases 

IIIb and IIIc (subcritical LS conditions). On the other hand, the variation range for the pulp and 

paper case was much narrower, due to a much smaller flow rate of the HPPS extracted after 

the high-pressure section of the turbine island. It can be concluded that the investigated CHP 

configurations of the pulp and paper plant are more focused on electricity production, with only 

three cases (Cases IIc, IIIb and IIIc) exhibiting values higher than unity for the heat-to-power 

ratio. Nevertheless, it must be pointed out that including more process operations of the pulp 

and paper manufacturing plant would increase the process steam demand and the heat-to-

power ratio accordingly.  

Concerning the electrical exergetic efficiency, this follows the trend of the electrical efficiency, 

with the lower values attributed to its definition based on fuel exergy. The highest energetic 

efficiency for the aluminium CCHP plant was calculated for Case IIIc with a value of 85.9% for 

the supercritical cycle, while the highest total exergetic efficiency was obtained for Case IIIb at 

37.7% followed closely by Case IIIc. In the case of the pulp and paper CHP plant, the highest 

energetic efficiency for the configurations examined was calculated for Case IIIc with a value 

of 80.8% for the supercritical cycle, while the highest total exergetic efficiency was obtained 

for Case IIIa at 37.6%. In general for both configurations (aluminium and pulp and paper), 

increasing the HPPS ratio for a constant low pressure bleed ratio caused an increase in the 
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total exergetic efficiency of the plant. The overall exergetic efficiencies were found to be be-

tween 30.0% and 40.0%, with the upper limit corresponding to higher HPPS fractions. 

  

  

  
Fig. 8. Performance of supercritical (left column) and subcritical (right column) pulp and pa-
per CHP plants under the investigated scenarios. 

 

Concerning similar studies in the literature, Liao et al. [30] investigated the effect of various 

parameters of a CHP plant operation (coal-fired) on its energetic and exergetic efficiency and 

noted that the steam extraction ratio had the most important effect on plant efficiency and it 

was thoroughly investigated. On the other hand, the variation of the supply/return temperature 

level of the DHC had a small impact on the results. Similarly to the findings discussed here, 

increasing the extraction ratio improved the overall energetic efficiency (or fuel utilization effi-

ciency).  Decreasing the pressure of the extracted steam from 10 bar to 1.2 bar decreased this 

efficiency penalty and this was also considered in the present study, by setting an extraction 

pressure at 1.4 bar for both DHC and ACC. In the present work, similar or higher exergetic 

efficiencies for cogeneration and trigeneration were found for the proposed configurations than 

those from the studies of Liao et al. [30], Lian et al. [31] and Erdem et al. [32]. The higher 

exergetic efficiencies in this study compared to Lian et al. can be partially attributed to the 

improved combustion efficiency, which decreased exergy destruction in the boiler (e.g. due to 

a lower air-to-fuel ratio). As an example, preliminary modelling of CHP plant configurations in 

the framework of the Biofficiency project has shown that the exergy destruction due to com-

bustion and associated heat transfer can be up to 55% of the fuel exergy. 

0

10

20

30

40

50

60

70

80

90

e
n

e
rg

y
 e

ff
ic

ie
n

c
y
 (

%
)

a b c a b c a b c

ηel

ηh

ηt

Case I Case II Case III

0

10

20

30

40

50

60

70

80

90

e
n
e
rg

y
 e

ff
ic

ie
n
c
y
 (

%
)

a b c a b c a b c

ηel

ηh

ηt

Case I Case II Case III

0

10

20

30

40

50

e
x
e
rg

y
 e

ff
ic

ie
n
c
y
 (

%
)

Case I Case II Case III

a b c a b c a b c

ηex,el

ηex,t

0

10

20

30

40

50

e
x
e
rg

y
 e

ff
ic

ie
n
c
y
 (

%
)

Case I Case II Case III

a b c a b c a b c

ηex,el

ηex,t

0

0.25

0.5

0.75

1

1.25

1.5

h
e
a
t-

to
-p

o
w

e
r 

ra
ti
o

 

a b c a b c a b c

Case I Case II Case III

0

0.25

0.5

0.75

1

1.25

1.5

1.75

h
e
a
t-

to
-p

o
w

e
r 

ra
ti
o
 

a b c a b c a b c

Case I Case II Case III



 

16 
 

Moreover, the higher electrical and total exergetic efficiencies compared to Erdem et al. can 

be attributed to the fact that the latter study investigated the potential of extracting steam which 

is typically delivered to the power plant preheaters to supply heat for district heating. This mod-

ification deteriorated the plant performance, as also discussed by the authors. Thus, extracting 

steam for district heating/cooling in a stage between the MPT and LPT or a LPT stage can be 

more beneficial. Finally, several assumptions used in the present study have an impact on the 

obtained results, such as the assumption for the condensate return rates. Considering higher 

condensate return flow rates e.g. for the pulp and paper plant case, will result in an increase 

of the exergetic efficiencies reported. Another strategy could be a further decrease in the flue 

gas temperature after the flue gas condensation unit, given the low moisture content of steam-

exploded bark which is considered in this report.  
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3.2. Discussion on process coupling potential for the investigated plant   

layouts 

In order to assess the potential of coupling the investigated CHP/CCHP plants with the two 

industrial processes, two reference plants were considered. The comparison presented herein 

focuses on the subcritical plant cases, since this option is technically more mature for the bio-

mass capacity assumed (300 MWth). The alumina refining plant is assumed to have a produc-

tion capacity similar to the plant operated by AOG in Viotia (Greece) implementing the Bayer 

process. Average heat consumption data for the process were retrieved from Balomenos et al. 

[33], while the calcination step was excluded. 

Table 6: Annual production capacity potential of the investigated subcritical CHP/CCHP lay-

outs for either bauxite refining/aluminium or pulp and paper reference plants (RP). 

Plant capacity parameters 
Case IIa 

(5000 h/a) 
Case IIa 

(8000 h/a) 
Case IIIa 

(5000 h/a) 
Case IIIa 
(8000 h/a) 

Alumina (Al2O3) refining and 
Aluminium production 

 
Process heat (MWh/a) 

 
363,818 

 
582,108 

 
727,434 

 
1,163,895 

 
Annual Al2O3 production by 
Bayer process, heat-based1 
(kt Al2O3/a) 

 
151.6 

 
242.5 

 
303.1 

 
485.0 

 
RP2 heat coverage (%) 

 
18.9 

 
30.3 

 
37.9 

 
60.6 

 
Potential capacity of Hall-
Héroult processing plant3  
(kt Al/a) 

31.3 50.2 22.8 36.5 

Pulp production 

Total process heat (MWh/a) 172,726 276,362 347,815 556,505 
 
Annual pulp production, 
heat-based4 (Adt/a) 

 
62,181 

 
99,490 

 
125,214 

 
200,342 

 
RP5 heat coverage (%) 

 
12.4 

 
19.9 

 
25.0 

 
40.1 

 
Electricity production 
(MWh/a) 

570,615 912,983 513,134 821,015 

 
Annual pulp production, 
electricity-based6 (Adt/a) 

 
801,425 

 
1,282,280 

 
720,694 

 
1,153,110 

 
RP electricity coverage (%) 

 
160.3 

 
256.5 

 
144.1 

 
230.6 

Notes: 
1 A value of 8.64 MJ/kg alumina is considered as heat for the Bayer process (Gibbsite extraction). 
2 A reference (Bayer process) plant with 800 kt Al2O3 capacity was considered. 
3 For the Hall-Héroult process, an electricity requirement of 13 kWh/kg aluminium was assumed. 
4 A heat demand of 10 GJ/Adt pulp (excluding bleaching) was considered.  
5 A reference Kraft mill with 500 kAdt pulp capacity was considered. 
6 An electricity consumption of 712 kWh/Adt pulp was considered.  
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In general, the aforementioned alumina plant is considered to be of moderate capacity, since 

larger plants in the range 4-5 Mt/a are in operation worldwide [34]. In Table 6, the annual 

alumina/aluminium and pulp production potential, which corresponds to the developed layouts, 

is presented. A maximum yearly heat coverage of about 60.6% would be feasible for the ref-

erence alumina refining plant (800 kt Al2O3/a) taking into account the process heat delivered 

through high pressure and medium pressure steam (the calculations assume nominal load 

operation for either 5000 h/a or 8000 h/a). This fact indicates that such a plant could provide 

heat to substitute diesel and natural gas which are currently used for satisfying heat consump-

tion in alumina refineries. In order to further increase the share of heat provided from biomass, 

a more heat-oriented plant layout is necessary than the one presented herein. In any case, a 

fuel with high energy density is needed for gibbsite calcination. This means that in order to 

completely decarbonize this process step, renewable liquid and gaseous fuels produced from 

biomass gasification, via electrolysis (including hydrogen itself) or other sustainable routes are 

required. Furthermore, data for the average electricity consumption of the Hall-Héroult process 

for aluminium production from alumina were retrieved from the US Department of Energy [5]. 

This processing step is very energy intensive and the theoretical minimum energy requirement 

for carbon anode aluminium electrolysis is ca. 6 kWh/kg of aluminium. In this study, a value of 

13 kWh/kg aluminium was assumed, which generally represents modern, state-of-the-art pro-

cessing plants with aluminium cells.Taking into account the electrical efficiency of Scenario IIa, 

the electricity demand of a Hall-Héroult plant producing up to 50.2 kt Al/a could be completely 

supplied by the aforementioned CHP plant. This capacity decreases to 36.5 kt Al/a when higher 

steam flows for process heat are considered (Scenario IIIa).     

For the pulp and paper case, a reference mill with a capacity of 500 kt Adt pulp/a was assumed. 

This reference plant is considered to be a medium-to-large-scale facility. Average heat and 

electricity consumption data were retrieved by Bajpai [9]. The maximum yearly heat coverage 

achieved for the higher HPPS extraction ratio was lower for this case at a value of 40.1%. 

However, it must be pointed out that the major part of heat in a Kraft pulp mill is generated 

through the energetic valorization of black liquor (almost 80% of heat generation), compared 

to the heat produced by the waste wood/bark boiler. This means that such a coupling could be 

realistic assuming economically viable biomass logistics. Moreover, a constant district heating 

load was assumed for all scenarios in order to calculate the yearly process heat generation. 

However, a profile with high heat demand values during the winter is expected, thus enabling 

the use of low-grade heat for process operations during periods of low consumption (e.g. heat 

delivered to the DHC in the flue gas condensation unit). Concerning the process electricity 

consumption, the annual power generation is sufficient to meet the mill demand even when 

the CHP plant operates for 5000 h/a. As shown in Table 6, the produced electricity is sufficient 

to meet 144-256% of the mill consumption. Thus, a mill integrated with such a CHP plant would 

be a net electricity supplier to the grid. 
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4. CHP generation from biomass in industries requiring high-

temperature heat: the cement industry case 

In the previous sections of this report, the possibility of coupling a biomass CHP plant with an 

alumina or pulp and paper plant was investigated. A distinction can be noted for those two 

cases regarding the upper temperature of the process heat required. For the alumina plant 

implementing the Bayer process for refining bauxite, a steam temperature of 290 °C was as-

sumed for bauxite digestion. On the other hand, an upper steam temperature of 180 °C is 

typically sufficient for providing heat to the digesters of a pulp and paper plant. However, there 

is a wide range of energy intensive industries which need heat at much higher temperature, 

exceeding 1000 °C. Direct heating through fuel combustion is often needed to sustain such 

high process temperatures. This is the case for the cement industry, which is a representative 

example of an energy-intensive sector which has been implementing waste fuels as replace-

ment to traditional fossil fuels over the last decades [35]. The primary motivation for this was 

the high cost of fossil fuels which would periodically cause an increase of operational cost of 

cement plants. Currently, the substitution of traditional fuels with renewable ones in most in-

dustrial sectors is boosted by policies to tackle climate change and sustainability concerns 

related to the depletion of fossil resources. This section aims to indicate opportunities for bio-

mass CHP generation in the cement industry, as a representative example of an industry re-

quiring heat from low (e.g. drying processes) to very high temperatures (e.g. clinker production). 

Other possibilities of biomass utilization in energy-intensive industries, such as in the iron and 

steel industry [36], lime production industry [37] etc. are also analyzed in the literature.   

4.1. Cement production: process description 

While different processes have been developed for cement manufacturing, the dry process 

using an inclined rotary kiln, a calcination stage and a multi-stage cyclone preheater system is 

considered the most common and it has been widely adopted. The process is depicted in Fig. 

9. The raw material for clinker production is collected, crushed, mixed with additives and trans-

ported to the cyclone preheating system. The raw materials in cement production are limestone 

(CaCO3), sand (SiO2), clay (SiO2, Al2O3, and Fe2O3) and iron ore (Fe2O3). A typical raw material 

composition for the main components used in cement manufacturing is 80% limestone and 

20% clay.  

 
Fig. 9. Cement production process layout [38]. 
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Drying of the raw material is carried out in the raw material mill and cyclone preheating system. 

The latter usually comprises of 4 to 6 stages depending on the material moisture [37]. In the 

cyclone preheater system, the solid material flows downwards, while the flue gas upwards 

entering each cyclone tangentially. At the lower section of this system, there is a pre-calcina-

tion stage where secondary fuel combustion occurs to sustain a temperature of about 900-

1000 °C, before the material is transferred to the rotary kiln of the cement plant. The purpose 

of this pre-calcination stage is to decrease the overall energy consumption and primary fuel 

demand in the rotary kiln. During calcination, limestone is converted to calcium oxide (or lime, 

CaO) and when a pre-calciner is used, the calcination reaction takes place almost completely 

before the kiln. In any case, it is typical that some part of the calcination process also occurs 

in the first section of the rotary kiln where primary fuel combustion takes place. Coal is milled, 

dried and supplied to the kiln burner in order to maintain a high flue gas temperature of about 

2000 °C. This is necessary in order to heat the solid material up to 1450 °C and ensure clinker 

formation i.e. fusion of the calcium from lime and silicon from clay into calcium silicates 

(Ca3SiO5 and Ca2SiO4). In addition, calcium aluminates and ferrites are formed due to the 

aluminium and iron which are present in the mixture. Subsequently, clinker is cooled rapidly in 

air-coolers and then it is ground and treated to produce the cement mixture. For cement pro-

duction, clinker is mixed with 5% gypsum and other additives (e.g. fly ash and slag). Cement 

is usually transported in bulk, while part of it is also bagged before shipping. 

4.2. Heat recovery for power generation and CHP in the cement industry 

Two are the main heat sources for waste heat recovery in existing cement plants, namely the 

kiln-off gases (flue gas) and the hot air from the clinker cooler. Usually, excess heat is recov-

ered from the clinker cooler and, to a lesser extent, from the flue gas. This is due to the fact 

that flue gas is used for drying the raw materials and solid fuels which are used in the cement 

plant. When raw material moisture is not significant, an important share of the recovered heat 

can be obtained from the kiln flue gas. Regarding the temperature level of this available waste 

heat: 

 Rotary kiln exhaust gases are available at temperatures of 200-380 °C depending on the 

cyclone preheating stages [39]. For example, the lower limit of the range corresponds to a 

6-stage preheating system. Typically, the flue gases must be supplied at about 250 °C to 

the raw material mill, therefore this is the limiting constraint concerning heat extraction from 

this stream. 

 Hot air from the air cooler is available at temperatures between 300-500 °C. However, the 

average temperature of the heated air is usually about 350-360 °C. 

Table 7: Examples of power generation projects in the cement industry through waste heat 

recovery [37, 39, 40]. 

Plant and/or location Power capacity (MW) Technology 

Gold Creek (Canada) 6.5 Organic Rankine Cycle 
A.P. Cement Works (India) 4.0 Organic Rankine Cycle 
HeidelbergCement (Germany) 1.5 Organic Rankine Cycle 
Rohrdorf (Germany) 6.8 Water/steam Rankine Cycle 
Slite (Sweden) 6.0 Water/steam Rankine Cycle 

 

A few examples of power generation (through waste heat recovery) installations in cement 

manufacturing plants are shown in Table 7. As shown in this table, both water/steam and or-

ganic Rankine cycle facilities have been installed in cement plants for waste heat recovery. 

Most of the power plants have capacities between 1-7 MWel. Facilities with power capacities 

below 5 MWel principally use the Organic Rankine Cycle (ORC) technology, whereas for larger 

plants, the water/steam cycle becomes economically viable. At the Lengfurt cement plant in 
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Germany, an ORC facility with pentane as working fluid has been installed. Waste heat from 

the clinker cooler is recovered (14 MW) to supply heat to the ORC. On the other hand, the Slite 

cement plant in Sweden implements a water/steam Rankine cycle for power generation. At 

this plant, steam is generated in two steps, through a heat recovery boiler system. Heat for 

power generation is recovered both from the clinker cooler and from the kiln flue gas. The 

annual electricity generation is ca. 50 GWh, corresponding to 25% of the cement plant power 

demand [37]. The layout of the cement plant and the integration of waste heat recovery for the 

water/steam Rankine cycle are shown in Fig. 10. 

 

Fig. 10. Process flow diagram of the water/steam Rankine cycle with a two-step heat recov-
ery system at the Slite cement plant in Sweden (based on [37]). 

 

Furthermore, CHP cogeneration can be performed through waste heat recovery from the 

clinker cooler. The waste heat boiler for producing hot water is either placed after the ESP filter 

or upstream of the fabric filter, when such a dedusting device is used. Waste heat boilers have 

been fitted in several plants such as Burglengenfeld in Germany, Bόyόkcekmece and Canak-

kale, both in Turkey, as well as Skövde in Sweden (2.5 MW DHC). 

4.3. Biomass and waste fuel utilization in the cement industry: state-of-

the-art  

Several alternative fuels to coal or petcoke can be used both as primary fuels in the kiln com-

bustor and as secondary fuels in the raw material calciner. The implementation of a rotary kiln 

and the nature of the process itself benefit the use of low quality fuels, such as waste. The long 

residence time of the material at high temperature ensures the decomposition of hazard-ous 

compounds, while specific fuel contaminants, e.g. some heavy metals, are absorbed in clinker 

minimizing gaseous pollutants.  

The cement industry has already established fuel mixtures which include alternative fuels such 

as meat and bone meal (MBM), used tyres and tyre derived fuel (TDF), industrial waste, dried 

sewage sludge, spent pot lining (SPL), plastic waste, spent solvents and oil, as well as various 

other types of biomass, especially woody biomass and agricultural waste. Among them, SPL 

comprises the spent cathodic material of electrolytic cells used in aluminium pro-duction. Sub-

stitution rates per country (or country union), as well as the share of alternative fuels used by 

the major cement industries can be found in the study of Rahman et al. [35]. Substitution rates 

from below 10% (for Australia, 2013 data) to higher than 80% (for The Netherlands, 2011 data) 
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were reported. Tyres and TDF represented an important share of the alternative fuel for Cemex, 

HeidelbergCement, Italcementi and Holcim/Lafarge groups rang-ing from 10% to 20% of the 

alternative fuel mixture. Utilization of agricultural waste biomass, wood chips and other waste 

biomass with shares higher than 25% of the alternative fuel mix were reported for 

Holcim/Lafarge and HeidelbergCement groups [41].  

Concerning fossil fuel substitution in the rotary kiln, MBM can achieve rates up to 40%, while 

a value of 20% of total fuel substitution is considered feasible for almost all alternative fuels 

including most types of biomass [35, 42]. In the future, monocombustion of MBM could be 

beneficial for phosphate recovery though. The possibility to completely substitute coal with 

alternative fuels in the kiln has been demonstrated in Cemex UK’s South Ferriby cement plant 

in Lincolnshire [43]. Biomass pretreatment could play a very important role on increasing the 

substitution rate, since pretreatment processes can influence the fuel combustion properties 

(significant in terms of kiln design and process efficiency), as well as its chemical composition. 

The latter fact is especially important in clinker and cement production, because ash elements 

may either end up in the final product affecting its properties and quality, or cause problems 

upstream to the rotary kiln (e.g. alkali condensation). Possible benefits from using torrefied 

fuels across various industries are discussed in the study of Proskurina et al. [44]. Finally, the 

utilization of 100% alternative fuels in the pre-calciner burner is an established technology [35, 

37]. 

4.4. Options for biomass CHP integration in the cement industry 

Apart from waste heat recovery in cement plants, an additional biomass boiler could be in-

stalled in order to increase power and heat output. A simplified process flow diagram of such 

a concept is depicted in Fig. 11, showing the clinker production line and the biomass CHP plant 

coupling. Subsequent processes (2) after clinker cooling for cement production are not de-

picted in Fig. 11.  Waste heat from the cement plant could be transferred to the CHP plant 

which operates with the biomass fuel/blend used in the cement kiln or pre-calciner. The waste 

heat from the kiln off-gases (1) after the cyclone preheaters can be recovered for feedwater 

preheating (4), assuming that the temperature of the flue gas exiting the cyclone preheaters is 

sufficiently high (> 250 °C), which depends on the preheating stages. Such an outcome is 

expected for a maximum of 5 cyclone stages, otherwise an alternative heat integration may be 

more preferable. According to Karellas et al. [39], ca. 12 MW of waste heat at 380 °C can be 

extracted after a 4-stage cyclone preheater based on the capacity of a reference plant which 

produces 6,700 tons clinker per day. The off-gas stream at the heat exchanger outlet is used 

for raw material drying (and also fuel drying), which is a standard procedure in cement plants.  

The hot air at ca. 300-350 °C from the clinker cooler (3) can be used as oxidation agent for 

combustion in a) the kiln burner, b) the pre-calciner burner and c) the biomass boiler of the 

CHP plant. Additional heat for preheating the boiler inlet air stream can be extracted from the 

boiler flue gas (APH). In case of using high-moisture biomass e.g. forest residues or wet agri-

cultural residues, biomass drying can be performed with the boiler flue gas to improve com-

bustion efficiency. A turbine island with high, medium and low-pressure turbines can be used 

for power generation, while the complexity of the cycle depends on the plant capacity. Flow-

sheets (CHP or CCHP) such as those shown in Fig. 4 and Fig. 5 of this report could be imple-

mented, excluding the steam extractions for process steam demand. In order to supply heat 

to the district heating network, a back-pressure turbine could be installed. A flue gas condenser 

(not depicted in Fig. 11) is also a state-of-the-art technology in order to increase the capacity 

of district heating by decreasing the flue gas temperature. Further details related to flue gas 

cleaning (dedusting, De-SOx operations etc.) are not shown in Fig. 11 (see also streams 5 and 

6) for the sake of simplicity. 
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Fig. 11. Process flow diagram of a biomass CHP plant coupled with a cement industry. 
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Additional options can be advocated such as: 

a. Fly ash from the biomass CHP plant can be used as cement replacement in cement-based 

mortars. Replacement with up to 20% biomass fly ash while maintaining acceptable me-

chanical strength has been reported by Rajamma et al. [45] for forest-residue ash and ash 

obtained from a fluidized bed boiler from the pulp and paper industry. However, the utiliza-

tion of biomass fly ash as replacement of cement in concrete is not in agreement with EN 

450, as also reported by ENGIE Laborelec.  

b. In general, biomass ash is not considered suitable as raw material for Portland cement. It 

must be pointed out though that the use of RDF/SRF and TDF as fuel for making Portland 

cement has already become the world-wide standard. 

c. For fuels with a high sulfur content, gypsum produced from the flue gas desulfurization 

(FGD) unit can be used as additive to clinker for cement production. 

d. Biomass pretreatment can be integrated into the biomass CHP plant. This could be bene-

ficial especially in the case that high fuel substitution rates with e.g. torrefied biomass can 

be achieved in the cement plant fuel burners. 

5. Conclusions 

Two different industries with specific process heat requirements were considered in the mod-

eling study for coupling with either subcritical or supercritical biomass CHP/CCHP plants. The 

effect of the high-pressure and low-pressure steam bleed fraction on the plant energetic and 

exergetic efficiency was investigated and it was found that significant variations in electrical, 

heat and total efficiencies are expected for the various options. An electrical efficiency in ex-

cess of 43.0% was achieved for the pulp and paper CHP plant, while the potential for a high 

overall fuel utilization efficiency with either CHP or CCHP generation (only minor cooling loads 

were considered compared to district heating) was presented in the case of the alumina/alu-

minium industry. The configuration of the pulp and paper CHP excluded the integration of the 

absorption chiller due to the fact that similar steam characteristics are required for paper drying. 

Depending on the plant layout and operation mode, total energetic efficiencies between 40.0% 

(power-focused) and 86.0% (heat-focused) were obtained. An estimation of alumina/alumin-

ium and pulp production capacity was presented based on the annual heat and electricity gen-

eration of the developed configurations and the results were compared with representative 

reference plants. Furthermore, options for heat and power generation in the cement industry 

were discussed as a representative industry requiring high-temperature heat. Existing con-

cepts based on waste heat recovery were briefly reviewed and biomass utilization options for 

CHP generation were presented. 
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