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1. Background  
 
Integration of industrial distributed energy systems have led to significant benefits with respect to energy 

efficiency and combustion emissions, but, to date have seldom been applied outside of the process and 

power generation industries. The challenge for society in the future, driven by both economics and the 

sustainability agenda, is to become more energy efficient and to utilise more diverse sources of energy, 

emphasising renewables. Moreover, these more diverse sources of energy should be considered across the 

society as a whole, rather than piecemeal in terms of a local need. The concept of district heating could 

beneficially be extended to full energy integration across a set of geographically proximate industrial, 

commercial, social and domestic energy consumers/producers. 

The combinations of industrial sites, residential and commercial aǊŜŀǎ ŀǊŜ ǘŜǊƳŜŘ ά[ƻŎŀƭƭȅ-Integrated 

9ƴŜǊƎȅ {ŜŎǘƻǊǎέ ό[L9{ύ. In a LIES the demands for heating, cooling and electrical power could be met locally 

by renewable energy sources, such as wind, solar cells and/or heat pumps, as well as by excess heat and 

power available from the industrial part (Figure 1). Distributed energy integration should consider 

distributed and larger-scale generation of power from combined heat and power, micro power generation, 

and heat pumping. Resources to be used should include renewables ς such as wind and solar sources as 

well as non-renewable sources. The systematic integration of heating, power as well as cooling 

requirements, covering both micro- and macro-scale energy systems, will facilitate a step change in energy 

efficiency. 

 

Figure 1 Locally integrated energy sources to totally integrated platform of energy system in society  

A large number of studies have pointed out the fact that in different countries have different degrees of 

utilisation of energy by CHP within the power industry. The opportunities for CHP presented by the process 

industry have not yet been thoroughly identified and assessed.  

Combined heat and power (CHP) or cogeneration is the simultaneous production of electricity with the 

recovery and utilisation heat. Cogeneration is a highly efficient form of energy conversion. Cogeneration 
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integration with total site is necessary to systematically evaluate site-wide power and heat generation, 

distribution, utilization.  

Graphical methods based on a Site Grand Composite Curve (SGCC) to targeting cogeneration in site utility 

systems present greater clarity for quantitative interaction between processes and utility systems. The 

influence of process load variation and steam mains selection on cogeneration improvements is explored 

quantitatively and much clearer in this straightforward method.  

The SGCC is primarily intended to be employed as a visualization tool for the utility system conceptual 

design and optimizaton without initial system configuration and any particular items selection. This 

graphical method would be helpful to scope the potential cogeneration improvements by changing steam 

mains or process operation quantitatively, and consequently to better understand the integration of 

processes and utility systems for high efficiency power and energy production and utilization, and cleaner 

site utility systems. 
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2. CHP energy in Europe 
 

CHP (Combined Heat and Power) is the simultaneous production of heat and electricity. CHP plants make 

the maximum use of fuel energy by producing both electricity and heat with minimal losses. The plants 

achieve a total efficiency of 80 to 90 per cent. In conventional condensed power plants the efficiencies 

remain at 35 to 55 per cent. Decrease in fuel consumption and emission reductions, CO2 and other 

emissions, gained by CHP are thus up to 40 per cent that makes CHP one of the most effective ways to 

simultaneously reach lower emissions and fuel demand.  

About 11.2҈ ƻŦ 9ǳǊƻǇŜΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ŀƴŘ 15 % associated heat requirements today are produced using this 

proven energy efficiency principle. The estimated growth potential for cogeneration is a further 110 - 120 

GWe, which will lead to an improved environment and greater economic competitiveness in Europe. 

Cogeneration units can be found in different sizes and applications in industry, energy and households 

sectors. CHP has the potential to increase the energy production and transformation system overall 

efficiency from 33 % (EU in average) up to 65 %. 

Globally, CHP generates 10 per cent of all electricity (18 300 TWh/a, CHP/IEA 2008), resulting in energy 

ǎŀǾƛƴƎǎ ƻŦ ƳƻǊŜ ǘƘŀƴ р 9W όмофл ¢²Ƙύ ŀƴƴǳŀƭƭȅΦ !ŎŎƻǊŘƛƴƎ ǘƻ L9!Ωǎ ǊŜǇƻǊǘ ά¢ǊŀŎƪƛƴƎ LƴŘǳǎǘǊƛŀƭ 9ƴŜǊƎȅ 

Efficiency and CO2 9Ƴƛǎǎƛƻƴǎέ όнллтύ ǳǇ ǘƻ о ǘƻ п ǇŜǊ ŎŜƴǘ ŜƴŜǊƎȅ ǎŀǾƛƴƎǎ ǇƻǘŜƴǘƛŀƭ ŜȄƛǎǘǎ ŀƭǊŜŀŘȅ ŦƻǊ /It ƛƴ 

manufacturing. 

 

 

Figure 2. Expected rise in CHP as a share of national electricity generation in different countries. The most 
promising countries in CHP increase are circulated (OECD/IEA, 2008). 
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Figure 2 shows the expected rise in CHP as a share of national electricity generation. Countries are 

expected to see a small increase until 2015, with a correspondingly larger growth by 2030 as policies are 

enacted and begin to be widely implemented. As a whole, in the G8+5 the share of CHP rises from 11% of 

electricity generation today to 15% in 2015 and 24% in 2030. 

 

2.1.  Energy demand  
 

Industrial energy use in 25 EU + 4 ACC (the accession countries: Bulgaria, Romania, Turkey, and Croatia) + 3 

EFTA countries (Iceland, Norway and Switzerland) is shown in Figure 3. The total demand was 13,2 EJ, with 

4,4 EJ for electricity and 8,7 EJ for net heat used in industrial processes and buildings. 

 

 

 

Figure 3 Industrial end use of net heat and electricity by origin of supply for the whole target area of 32 
countries (Ecoheatcool, 2006). 

 

Energy consumption in EU-28 countries is shown in Figure 4. 
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Figure 4 Final energy consumption by sectors in EU-28 [Mtoe] (Eurostat 2011). 

Total consumption has decreased from 1150 Mtoe in 2001 to 1109 Mtoe in 2011 (-4 %).  

Energy consumption in industry is shown in Figure 5. The total consumption has decreased from 330 Mtoe 

in 2001 to 288 ( in 2011 [-13 %] (Eurostat 2011). 

 

Figure 5 Energy consumption [Mtoe] by industrial sector in EU-28 countries (Eurostat 2011). 
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3. CHP requirements in selected industrial sector  
 

3.1.  Electricity demand  
 

Electricity demand can be divided in three categories: 

¶ Low voltage  400 V in local delivering net 

¶ Middle voltage  20-50 kV in local transmission net 

¶ High voltage 110 -220 kV in main transmission net 

Electricity generation in EU-28 countries is shown in Figure 6. In 2011 electricity generation was 3 268 TWh,  

6 % increase since 2001. Over this period, generation from hydro and other renewables grew by 50 % and 

thermal generation by 1 %. Nuclear generation dropped by 7 %. 

CHP (Combined Heat and Power generation) in relation to gross electricity generation in 2011 is shown 

Figure 7. The generation is increased from 3094 TWh in 2001 to 3335 in 2011 (Eurostat 2011).  Combined 

heat and power generation in the EU-27 accounted for 11.2 % of gross electricity generation in 2011. The 

share of electricity produced by cogeneration processes varied between 0.9 % in Cyprus to 47.4 % in Latvia. 

The CHP share in Lithuania grew from 14.3 % in 2006 to 37.5 % in 2011. In contrast, the CHP share in 

Romania marked the highest decrease (from 18.0 % in 2006 to 11.7 % in 2011); followed by Hungary (from 

22.4 % in 2006 to 16.6 % in 2011). 

 

Figure 6 Power station generation [TWh] by type in EU-28 countries (Eurostat 2011). 
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Figure 7 Share of CHP generation [%] of gross electricity generation (Eurostat 2011). 

3.2. Heat demand  
 

Three different temperature levels have been used for describing the quality of the demand for heat to be 

used in various industrial branches: 

ω Low temperature level is defined as lower than 100 °C, corresponding to the typical heat demands for 

space heating. The heat is used in low temperature industrial processes as washing, rinsing, and food 

preparation. Some heat is also used for space heating of industrial buildings and on-site hot water 

preparation. 

ω Medium temperature level is represented by an interval between 100 °C and 400 °C. This heat is 

normally supplied through steam as a local heat carrier. The purpose is often to evaporate or to dry. 

ω High temperature level constitutes temperature levels over 400 °C. This high quality is needed for 

manufacture of metals, ceramics, and glass etc. These temperatures can be created by using hot flue 

gases, electric induction etc. 

 

Industrial heat demand is shown by temperature quality and by manufacturing branch for the whole target 

area of 32 countries in Figure 8. High temperature demands dominate by 43 % of the total demand of 11,8 

EJ. Low and medium temperature demand corresponds to 30 and 27 %, respectively.  
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Figure 8. Industrial heat demands estimated by temperature quality and by manufacturing branch for the whole target area of 
32 countries. The figure has been created by using experiences from the German industry reported in (AGFW, 2005) and applied 
on the IEA database for the target area (Ecoheatcool, 2006). 
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4. Potential of CHP in selected industrial sectors  
 

Energy-intensive industrial as the food processing, pulp & paper, chemicals, metals and oil refining sectors 

have been traditional investors for CHP facilities. These industries represent more than 80% of the total 

global electric CHP capacities (IEA, 2007c). These plants generally have high process related thermal 

requirements not subject to daily and seasonal weather-related fluctuations, so energy is an important part 

of their business, and operation and maintenance personnel are available and competent to manage CHP 

systems. In some industries, low-cost fuel sources (i.e. wastes) are available for use in CHP systems. While 

industrial systems over 1 MWe make up the bulk of global CHP capacity, many smaller-scale industrial sites 

have smaller systems, utilising technologies similar to those used in commercial buildings. Chemical and 

refinery industries and wood industries are the big energy users in Europe 

4.1.  Chemical and Refinery industr y 
Chemical and refinery industry have waste gases, which can be collected and burnt effectively for extra 

energy generation in CHP. About half of energy demand is high temperature (> 400 °C).  Also heat only 

boiler plant can be changed to CHP to supply also electricity demand in process. In this case the heat 

demand of steam and hot water must be assured to supply all the needs in processes. Waste heat can be 

supplied also to local district heating system of the society for compensating local boiler plants with more 

expensive fuels and lowering emissions. 

4.2.  Wood industry  
Wood industry has wood based wastes before processes the material. This waste wood is in most cases 

burnt to produce steam and hot to the processing raw material. CHP utilising to generate heat and 

electricity in pulp and paper industry is already high in Europe. Through more effective utilising of the 

waste wood material can be make higher the CHP generation degree in the process. Useable waste heat 

can be utilised in local district heating systems of the society for compensating local boiler plants with more 

expensive fuels and lowering emissions. In that way the total efficiency of integrated energy systems of 

industry and local society can be make higher. 

4.3. Evaluation of CHP potential in Chem ical and refinery industry and wood 

industry  
Calculated combined heat and power production (CHP) in 28 EU and 7 other European countries is 

presented in Figure 9.  

More than 11 % of electricity and 15 % of delivered heat are produced by CHP in Europe. The installed 

capacity of CHP was 105.3 GWe and 264,1 GWth in 2011.  As shown in Figure 9, Germany is the biggest CHP 

production country and Netherlands and Italy are the next ones. After that come Poland, Finland, UK and 

Estonia.  

The CHP potential in industry is evaluated by adding energy use in chemical and refinery 4 % and in wood 

industry 2 %. The extra energy source will come through more effective waste gas utilising in chemical and 

refinery side and more effective wood waste utilising in wood industry side. The result of calculation is 
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presented in Figure 10. The electricity and heat can be utilised in process or in local society based on 

demand and price of competitive capacity.  

 

Figure 9.  Industrial CHP energy production [TWh] in 28 EU + 7 other European countries in 2011. 

Based on Figure 10, the biggest CHP potential is in Germany and the next ones are France, Belgium, 

Netherlands, Italy and UK.  The decision of Germany to shut down the nuclear power make it a very 

potential candidate to add the CHP production based on waste material from different sources and waste 

heat sources to district heating.  

 

 

Figure 10 Industrial energy potential of CHP production in 28 EU and 7 other European countries. 

Based on this calculation 3,1 Mtoe waste energy source is needed more in chemical and refinery and pulp 

ϧ ǇŀǇŜǊ ƛƴŘǳǎǘǊȅΦ ¢ƘŜ ǇƻǘŜƴǘƛŀƭ ƻŦ /ItΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ǇŀǊǘ ƛǎ мфΣр ¢²Ƙκŀ ŀƴŘ ƘŜŀǘ нпΣо ¢²Ƙκŀ ƎƛǾƛƴƎ ŀōƻǳǘ р 
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% increase in total production of CHP. Part of the extra potential of the pulp & paper industry can be 

produced changing steam boilers to supply CHP plant. Extra boiler capacity may be needed to guarantee 

supplying the steam demand in process, because part the steam will supply in this case electricity 

generation. The extra capacity will be in CHP is 7800 MW and 10 000 MW heat capacity. 

4.4.  Factors for selection of cogeneration system  
Following factors should be given a due consideration in selecting the most appropriate cogeneration 

system for a particular industry (www.energymanagertraining.com). 

 

¶ Normal as well as maximum/minimum power load and steam load in the plant, and duration for 

which the process can tolerate without these utilities, i.e. criticality and essentiality of inputs. 

¶ What is more critical - whether power or steam, to decide about emergency back-up availability of 

power or steam. 

¶ Anticipated fluctuations in power and steam load and pattern of fluctuation, sudden rise and fall in 

demand with their time duration and response time required to meet the same. 

¶ Under normal process conditions, the step by step rate of increase in drawl of power and steam as 

the process picks up - whether the rise in demand of one utility is rapid than the other, same or 

vice-versa. 

¶ Type of fuel available - whether clean fuel like natural gas, naphtha or high speed diesel or high ash 

bearing fuels like furnace oil, LSHS, etc. or worst fuels like coal, lignite, etc., long term availability of 

fuels and fuel pricing. 

¶ Commercial availability of various system alternatives, life span of various systems and 

corresponding outlay for maintenance. 

¶ Influence exerted by local conditions at plant site, i.e. space available, soil conditions, raw water 

availability, infrastructure and environment. 

¶ Is it possible to produce also cooling for process or district heating/cooling for society near the site.  

¶ Project cost and long term benefits. 

Proportionate requirement of heat and power varies from site to site. Hence, cogeneration system must be 

selected with due care and appropriate operating schemes must be installed to match the demands as per 

requirement. Typical Heat-to-Power ratios for certain energy intensive industries are provided in Table 1. 

 

Table 1 Typical Heat-to-Power Ratios for Energy Intensive Industries 
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Concept of cogeneration would be generally found most attractive with existence of following 

circumstances in the industries: 

 

¶ The demand of steam and power both is more or less equal, i.e. consistent with the range of 

power-to-steam output ratios that can be obtained from a suitable cogeneration plant. 

¶ A single industry or group of industries requires steam and power in sufficient quantum to permit 

economies of scale to be achieved. 

¶ Peak and troughs in demand of power and steam can be managed or, in case of power, adequate 

back-up capacity can be obtained from the utility company. 

 

The cogeneration plant may be operated within three main operating regimes as follows to take optimum 

techno-economic benefits: 

 

¶ The cogeneration plant is operated as base load station to supply electric power and thermal 

energy and short fall in power is drawn from the utility company and heat from standby boilers or 

thermic fluid heaters. 

¶ The cogeneratƛƻƴ Ǉƭŀƴǘ ƛǎ ƻǇŜǊŀǘŜŘ ǘƻ ǎǳǇǇƭȅ ŜƭŜŎǘǊƛŎ ǇƻǿŜǊ ƛƴ ŜȄŎŜǎǎ ƻŦ ǘƘŜ ƛƴŘǳǎǘǊȅΩǎ 

requirements, which may be exported, whilst total thermal energy available is utilised in the 

industry. 

¶ The cogeneration plant is operated to supply electric power , with or without export, and thermal 

energy produced is utilised in the industry with export of surplus heat energy, if feasible, to nearby 

consumers 

The primary sources of energy like fuels are fast depleting as they all are non-renewable in nature. The 

costs of these primary sources of energy have been showing upward trend since last twenty years or so. 

Hence, it has become a challenge for all developing nations to save energy to a much greater extent so as 

that the primary sources of energy last longer and longer. Use of cogeneration system in industrial sector is 

one of the best viable options for energy conservation in the most effective and economical way. 

Depending on type of process and its requirement of power and steam, their essentiality, etc., an 

appropriate cogeneration system can be easily selected by considering all the factors described in Table 2 

below. 
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Cogeneration systems based on combined cycle configurations with cogeneration of power and heat 

permit the optimal utilisation of fuel energy in the true sense of Second Law of Thermodynamics. Besides 

highest fuel efficiency and by virtue of its low capital cost, the combined cycle based option has been found 

the most acceptable and economical solution. Steam turbine based cogeneration systems are of greater 

interest to the industries with moderately large and stable steam demand, and further where it is necessary 

to use fuels of lower quality like coal, lignite, furnace oil, etc. which cannot be directly fired in gas turbines. 

Table 2 Advantages/Disadvantages of cogeneration system variants 
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5. Integration of CHP to industrial process  
 

Theoretically energy flows through energy conservation and transporting processes without causing any 

losses in energy chain. Practically energy conservation generates heat and part of it runs away outside the 

process because of e.g. friction and thermal convection of materials. If we compare the input thermal 

energy and output energy, we can define the thermal efficiency of the energy converted in process. 

  

1<=
in

out

H

H
h

       1 

 

where Hout is useful energy output and Hin is useful energy input of the process. 

 

The first law of thermodynamics does not take care of the quality of energy. Degradation of energy is taken 

care of in second law of thermodynamic, and evaluates the temperature difference between process and 

surroundings. The efficiency of Carnot cycle is defined as  

 

max

min1
T

T
c -=h

       2 

where Tmin is the lowest and Tmax the highest temperature in Kelvin degrees in the process.  

 

When maximising the efficiency of the process the temperature difference Tmax ς Tmin must be as high as 

possible. As known the Carnot cycle efficiency is maximum theoretical efficiency, which can be achieved.  

The useful energy can be defined as exergy (E), which evaluates also quality of energy. Then we put the 

exergy values instead of enthalpy (H) into the equation 1 

 

E = H ς TS       3 

 

where T is temperature in Kelvin, H is enthalpy and S entropy in temperature T.  

Theoretically energy efficiency potentials in systems exist in three spheres: theoretical, technical and 

economical. Theoretical energy efficiency represents the potential that exists theoretically. Technical 

energy efficiency represents the potential that can be reached using a known BAT commercial technology. 
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Economical energy efficiency represents the potential that is achieved as economic criteria are applied. A 

distinction should be made between the three energy efficiency potentials.  

 

First of all, the difference between the theoretical and the technical efficiency illustrates the need for 

technical development. Then, the difference in the technical potential and the economic potential 

illustrates, which part can be affected by e.g. commercial development and legislation. The total site energy 

efficiency can be made higher by connection processes in serial and utilise energy stream in lowering value 

of temperature or pressure (Figure 11). 

 

 

 

 

 

 

 

 

 

 

Figure 11 Process integration in serial 

 

Figure 12 illustrates a site, where industrial process and combined heat and power (CHP) production are 

integrated together.  The CHP plant can utilise wastes from industrial process like burnable gases, liquids 

ƭƛƪŜ ōƭŀŎƪ ƭƛǉǳƻǊ ŀƴŘκƻǊ ǎƻƭƛŘ ƳŀǘŜǊƛŀƭ ƭƛƪŜ ǿƻƻŘ ǿŀǎǘŜǎΣ ōŀǊƪΣ ŜǘŎΦ ¢ƘŜ /It Ŏŀƴ ƎŜƴŜǊŀǘŜ ŜƭŜŎǘǊƛŎƛǘȅ ƛƴ ǎƛǘŜΩǎ 

own use and steam to the process. Part of the electricity can be sold to electricity market and the low value 

heat to the local district heating network. The minimum output temperature is theoretically the ambient 

temperature but in this case the temperature in district heating (DH) return pipeline. 

 

In economy perspective we look at energy efficiency in investment and using of energy in the system. A 

new technique competes with the existing technique and a requirement to get into market must be 

prevailed with better energy economy. Economical energy efficiency is many times a function of time, 

because a short utilisation time of the process limits the economy more than a long utilising time. Time 

may reduce the technical energy efficiency that would be otherwise possible. The economic efficiency is 

often based on life-cycle cost efficiency. The maximum technical efficiency can be as high as it is 

economically viable from the life-cycle cost point of view. In addition the investments already done in 

industry or in energy production define the highest efficiency that can be achieved by using certain 
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technologies or solutions. If remarkable increase of process efficiency is required, the whole technical 

solution should be replaced and barrier to make that investment might be too high. 

 

 

Figure 12 Integration of industrial process site, CHP and local DH-net. 
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6. Cogeneration analysis based on graphical methods  

 

In the utility system, the source of utility very high pressure (VHP) steam is fuel combustion in boilers and 

gas turbines heat recovery steam generators. Steam cascade in the utility system is determined by utility 

VHP steam from boilers, process heating and cooling demands, and process indirect heat recovery through 

the utility medium. Utility power is generated by fuel combustion in gas turbines and steam expansion in 

steam turbines. In the system, one of the methods to implement high efficiency fuel combustion is the 

cogeneration improvement. Cogeneration interacts with utility VHP steam target and the steam cascade. 

Steam mains selection plays a significant role in the integration between processes and utility systems. 

Both graphical approaches and mathematical programming methodologies have been developed to 

improve power and energy targets (Smith, 2005). Pinch technology (Linnhoff et al., 1982) is well utilized as 

the graphical methods as the visual and computational aid to reflect the site-wide heat and power 

integration.  Linnhoff et al. (1994) introduced Grand Composite Curves as a tool for the individual process 

heat integration. Dhole and Linnhoff (1993) proposed Site Source-Sink Profiles for the implementation of 

processes and utility system integration and provided the process quantified heating and cooling demands 

graphically, but the site steam saving due to process indirect heat recovery through steam medium cannot 

be obtained in the profiles. Site Composite Curves (Raissi, 1994) are constructed following the zero 

approach between the utility loads, and provides the target of process indirect process heat recovery and 

the minimum utility VHP steam demand. Site Utility Grand Composite Curves (Raissi, 1994) are constructed 

by the steam cascade extracted from the Site Composite Curves, and allow visualization of the steam 

cascade in the utility system. The shaft power during the steam expansion can be estimated by enclosed 

area in the curves based on a temperature enthalpy T-H model (Raissi, 1994). However, there was no 

straightforward method to understand the interaction between steam mains selection and the 

cogeneration.  

Other graphical methods have extended Pinch Analysis for site-wide heat and power integration. Perry et 

al. (2008) extended the Site Composite Curves to renewable energy sources and interactions with the 

existing grid. Bandyopadhyay et al. (2010) estimated the cogeneration potential at the Total Site level. 

Botros and Brisson (2010) improved the targeting by including sensible heating of steam in composite 

curves. Crilly  and Zhelev (2010) developed CO2 emissions pinch analysis. Wan Alwi and Manan (2010) 

introduced a stream temperature and enthalpy plot technique to represent continuous individual hot and 

cold. Varbanov et al. (2012) specified process specific minimum temperature difference to obtain more 

realistic utility and heat recovery targets. Sun et al. (2013) analyzed cogeneration improvement based on 

steam cascade. Krishna and Bandyopadhyay (2013) studied emission constrained electricity system 

planning. 

The application of ǎƛǘŜ ǘŀǊƎŜǘƛƴƎ ƎǊŀǇƘƛŎŀƭ ƳŜǘƘƻŘǎ Ƙŀǎ ōŜŜƴ ŜȄǇƭƻǊŜŘ ōȅ ŀ ƴǳƳōŜǊ ƻŦ ǎǘǳŘƛŜǎ όYƭŜƳŜǑ ŀƴŘ 

±ŀǊōŀƴƻǾΣ нлмоύΦ YƭŜƳŜǑ Ŝǘ ŀƭΦ όмффтύ ǇǊƻǇƻǎŜŘ ǘŀǊƎŜǘƛƴƎ ŦƻǊ ǇƻǿŜǊ ŀƴŘ /hн ǊŜŘǳŎǘƛƻƴ ƻƴ ¢ƻǘŀƭ {ƛǘŜǎΦ 

±ŀǊōŀƴƻǾ ŀƴŘ YƭŜƳŜǑ όнлмлύ ǎŜǘ ǘƛƳŜ ǎƭƛŎŜǎ ƛƴǘƻ ǎƛǘŜ ǇǊƻŦƛƭŜǎ ŀƴŘ ǎƛte composite curves to integrate 

renewable into the corresponding Total Site CHP energy systems. Fodor et al. (2010, 2012) selected the 

minimum temperature difference for Total Site utility systems and explored how it affected the heat 

recovery networks of the individual process. Saw et al. (2011) extended graphical targeting technique for 

http://www.sciencedirect.com/science/article/pii/S0360544211008504
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direct reuse/recycle in concentration and property-based resource conservation networks. Hackl et al. 

(2011) used Total Site analysis to improve energy collaboration between different companies. Wan Alwi et 

al. (2012, 2013) adopted Pinch graphical tools to achieve minimum electricity targets in hybrid renewable 

energy system. Krishna Priya and Bandyopadhyay (2013) studied the emission constrained power system 

planning based on the Pinch Analysis. Alwi et al. (2013) explored process changes via load shifting for 

hybrid power systems based on Power Pinch Analysis. Cucek et al. (2013) extened the Total Site Integration 

scope to the regional level. Mohammad Rozali et al. (2013) extended to the storage technology in Hybrid 

Power System Power based on the Pinch Analysis. 

Mathematical programming models for utility system optimization can be divided into linear models 

(Mavromatis and Kokossis, 1998) and non-linear models (Sorin and   Hammache, 2005; Prashant and Perry, 

2012). Rigorous mixed integer non-linear programming model would obtain accurate results (Bruno et al. 

1998). Other thermodynamic models (Medina and Picon-Nunez, 2010), iterative Bottom-to-Top methods 

for shaft power targeting (Ghannadzadeh et al. 2012), a new cogeneration targeting model based on 

entropy, enthalpy and the isentropic efficiencies of the turbines (Mohammad et al. 2012), and targeting the 

integration of multi-period utility systems (Marechal and Kalitventzeff, 2003) have been developed.  

A new Site Pinch-based graphical targeting method based on Site Grand Composite Curve (SGCC) can 

address system targets and the interaction among process heating and cooling requirements, steam mains 

selection, the Total Site Pinch. It presents greater clarity for quantitative interaction between processes and 

utility systems. The influence of process load variation and steam mains selection on cogeneration 

improvements is explored quantitatively and much clearer in this straightforward method.  

 

6.1.  Site Grand Composite Curve  
 

The SGCC is built by the separation of Site Sink Profile and Site Source Profile.  

As shown in Figure 13, the coordinate of the SGCC (bi-ai, Ti) is the point at the Site Sink Profile bi minus the 

point at the Site Source Profile ai at the temperature Ti. it is related to process heating load ui (MW) and 

steam generation gi (MW) from process heat recovery at each steam main i. The steam main i includes VHP, 

high pressure (HP), medium pressure (MP), and lower pressure (LP). 

 

   4  

  5  

 6  

 

http://link.springer.com/search?facet-author=%22G.+S.+Krishna+Priya%22
http://link.springer.com/search?facet-author=%22Santanu+Bandyopadhyay%22
http://link.springer.com/search?facet-author=%22Sharifah+Rafidah+Wan+Alwi%22
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(a) (b) 

Site Source-Sink Profiles            Site Grand Composite Curve 

 

Figure 13 Site Grand Composite Curve 

 

 

Figure 14 Site targeting in the Site Grand Composite Curve 

 

Even though the SGCC is constructed in a similar way to the process Grand Composite Curves, they are 

intrinsically differences. The process Grand Composite Curves are used to set individual process cold and 

heat utility demands. They are useful in providing conceptual understanding of the individual process, but 

are not a suitable tool for the selection of utilities. The SGCC is more appropriate for understanding the 

interface between processes and utility systems. All the site energy and power targets and steam cascade 

are addressed in the SGCC.  
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Direct heat recovery within the individual process can be implied in the process Grand Composite Curve. 

However, for multiple processes on the site, direct heat recovery among different processes normally is not 

feasible due to practical limits.  

The steam generation gi from process heat recovery can supply for process heating to save both utility 

steam and fuel combustion, or improve power generation potential. Normally, the site steam saving is 

smaller than the whole steam generation Sgi by process heat recovery. The site steam saving is a key 

parameter. Its identification in the SGCC contributes to both utility VHP steam target as well as system 

cogeneration.  

 

6.2.  Steam cascade and utility targets  
 

As shown in Figure 14, the steam cascade is constructed by the SGCC minus the process heating load ui at 

each steam main. It is not possible for the steam cascade from lower to higher pressure.  The minimum 

steam cascade would be removed to be empty in Figure 14. The removed steam cascade is the possible 

maximum site VHP steam saving due to the process indirect heat recovery through steam mains. It implies 

fuel combustion saving in the system. 

The process total steam demand is the summarization of the process steam load in Eq 7. Based on the new 

steam cascade built by the site VHP saving removal in Figure 14, the utility VHP target is clearly visualized in 

the SGCC by the process total steam demand minus the site VHP saving. 

 

      7  

           8 

 

6.3.  Shaft power potential by steam expansion  
 

The potential shaft power generation by steam expansion in steam turbines or steam condensation in 

condensing turbines is a function of the steam load and saturation temperature drop between the inlet and 

outlet steam of the steam turbine based on the temperature enthalpy (T-H) model (Raissi, 1994). It is 

proportional to the steam cascade rectangular area in the SGCC. This estimation ignores the superheat 

both of the inlet and outlet steam of the steam turbine. 

 

W=c*Qin*(Tin- Tout)       9 

 

c is the power conversion coefficient based on T-H model. It is a proportionality constant relating the power 

output to the area. It is depending on turbine characteristics.   

Table 3 lists the steam cascade and shaft power potential based on the SGCC. The total shaft power 

potential is estimated as the following equation:   
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W= c*[Sgi(Ti-Tcd)+ Sui(TVHP -Ti) ς QVHP save *(TVHP ςTcd) ]                  10 

 
Table 3 Steam cascade and potential shaft power 

Steam mains zone  Steam cascade, kW Shaft power potential, kW 

VHP-HP uHP+uMP+uLP-QVHP save c*[( uHP+uMP+uLP)*(T VHP-THP)-QVHPsave *(DTsite pinch)] 

HP-MP gHP+uMP+uLP-QVHP save c*[( gHP+uMP+uLP)*(T HP-TMP)  -QVHPsave *(DTsite pinch)] 

MP-LP 

LP-condensation 

gHP+gMP+uLP-QVHP save 

gHP+gMP+gLP-QVHP save 

c*[( gHP+gMP+uLP)*(T MP-TLP)  -QVHPsave *(DTsite pinch)] 

c*[( gHP+ gMP+gLP)*(T LP-Tcd)   -QVHPsave *(DTsite pinch)] 

 

6.4.  Total Site Pinch  
 

The Total Site Pinch (YƭŜƳŜǑΣ нлмоύ is the steam zone without steam cascade in the SGCC. In Figure 14, the 

Total Site Pinch lies in the condensing zone (T3-Tcd). 

The Total Site Pinch is distinctly different from the Process Pinch. The Total Site Pinch represents a 

bottleneck in site indirect heat recovery, but the Process Pinch provides the bottleneck in the process direct 

heat integration. The Total Site Pinch is determined by both process profiles and steam mains, but the 

Process Pinch is only affected by process hot and cold composite curves. The Total Site Pinch contains two 

adjacent steam mains, but the Process Pinch is the point of the closest approach between process hot and 

cold composite curves.  

The Process Pinch separates the process into heat source and heat sink. The Total Site Pinch divides the 

SGCC into three sections, and clarifies the site VHP and cooling targets and site steam saving.  

 

At the Total Site Pinch: the site steam just satisfies the process heating requirement. There is no steam 

cascade and no shaft power potential by steam expansion. Measures taken to increase the steam cascade 

at the Total Site Pinch might decrease utility VHP steam target.  

 

Above the Total Site Pinch: the heat deficit of the system requires VHP steam from fuel burning in boilers. 

More process indirect heat recovery above the Total Site Pinch is beneficial for site steam saving, site VHP 

target reduction, and lower operating cost and CO2 emissions.  

 

Below the Total Site Pinch: the process heat recovery can satisfy the process heating demand, and might 

have surplus steam condensing for power generation. Process hot streams are cooled by cold medium 

below the Total Site Pinch.  

 

Table 4 illustrates the utility VHP steam target and site steam saving at different Total Site Pinch locations. 
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Table 4 Total Site Pinch and Utility System Targets 

Case Condition Site VHP saving 

MW 

Utility VHP  target 

MW 

Site pinch 

1 gHP>uHP 

gHP+gMP> uHP+uMP 

gHP+gMP+gLP> 

uHP+uMP+uLP 

uHP+ uMP+uLP uVHP VHP-HP 

2 gHP<uHP 

gMP> uMP 

gMP+ g3> uMP+ uLP 

gHP+ uMP+uLP uVHP+uHP- gHP HP-MP 

3 gMP<uMP 

g3>uLP 

gHP+ gMP< uHP+ uMP 

gHP+gMP+uLP               uVHP+uHP+uMP-gHP-gMP MP-LP 

4 gLP<uLP 

gMP+ gLP< uMP+ uLP 

gHP+gMP+gLP < 

uHP+uMP+uLP 

gHP+gMP+gLP               uVHP+uHP+uMP+uLP 

-gHP-gMP-gLP 

LP- 

condensation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.iciba.com/condition
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7. Energy integration examples  

 

7.1.  Cogeneration improvement  analysis in the total site context  

 

Process and utility system integration and optimization require a trade-off between system power 

generation and site fuel consumption. 

Measures should be taken both from processes and utility systems to improve heat and power generation. 

1) Steam mains selection is an important decision to affect steam cascade and the Total Site Pinch in the 

system operation and design. 

2) Processes modification will cause the variation of process utility demands. It must be done with caution 

to maintain realistic operation.  

 

7.1.1. Utility system analysis  

 

Steam mains selection affects process heating and cooling loads, process indirect heat recovery, the steam 

cascade in the system, and power generation by steam expansion in steam turbines. That is, steam mains 

play a significant role in the cogeneration improvement. The effect of new steam mains introduction and 

steam mains selection on cogeneration are discussed here. 

 

New steam mains introduction and cogeneration improvements 

New steam mains introduction is beneficial for more steam generation from process heat recovery and 

lower pressure steam for process heating instead of higher pressure steam. Its effect on the boiler steam 

saving, utility VHP steam target and the shaft power potential depends on new steam mains introduction 

within or without the Total Site Pinch. 

A new main introduction at the Total Site Pinch 

Adding a new steam main at the Total Site Pinch would relocate the Total Site Pinch, and reach more site 

steam saving and utility VHP target reduction. Figure 15demonstrates adding new steam main (IN) at TIN 

between T2 and T3. The new Total Site Pinch relocates from (T2-T3) to (TIN-T3). The steam cascade increases 

uIN at the zone (T2- TIN) and gIN at the zone (TIN-T3). The extra possible site steam saving is the minimum of 

gIN and uIN, and it implies the reduction of the VHP steam target and fuel combustion saving for steam and 

power generation. 

At the fixed fuel consumption in the utility system, adding a new steam main (IN) at the Total Site Pinch can 

generate more shaft power for cogeneration improvements.  

 

 11 
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Figure 15 Steam mains introduction at the Total Site Pinch 

 

A new main introduction away from the Total Site Pinch 

A new steam main added away from the Total Site Pinch does not change the Total Site Pinch. There has no 

effect on the boiler steam saving, utility VHP target, and fuel combustion, either.  

As shown in Figure 16, a new steam main introduction (IN) at TIN causes extra higher pressure steam 

generation gIN from process heat recovery, and lower pressure steam load uIN for process heating. The 

steam expansion of uIN from VHP to the new steam main IN and the steam expansion of gIN from the new 

steam main IN might generate extra power. 

 

 

Figure 16 New steam mains introduction away from the Total Site Pinch 
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The new steam main introduction would improve the cogeneration.  

 

 12 

 

Even though the shaft power improvement has the same equation by adding the new steam main at or 

away from the Total Site Pinch, the first case in practice will save fuel combustion, and has far realistic 

significance for CO2 emission reduction. 

 

Steam mains selection  

Steam mains selection affects process heating and cooling loads, process indirect heat recovery, and utility 

VHP steam target. The verified steam cascade induces the fluctuation of shaft power potential by steam 

expansion. The Total Site Pinch might be relocated either.  

A case study illustrates the effect of steam mains selection on process steam demands and steam 

generation shown in Figure 17(a) and the utility targets in the SGCC in Figure 17(b) and Figure 17(c).  

Steam mains might be selected for the maximum power generation in Figure 2.5(b) and the minimum fuel 

consumption in Figure 17(c), depending on electricity price, fuel cost, or other site requirements. For 

instance, at the case of higher coal price, steam mains selection would be the optimization to minimize the 

utility VHP demand. The shaft power potential would decrease with the lowest fuel consumption.  

In this case study, the optimal steam mains selection to obtain the maximum energy recovery and 

maximum shaft power potential are shown in Figure 17. Table 5 lists the effect of steam mains on site 

system targets. 

 

Table 5 Steam mains selection and site system targets 

Scenario Steam mains, ̄C Qsave 

MW  

Qsite 

MW 

Fuel  

MW 

Shaft power 

MW 

Cooling water 

MW 

Max shaft power 360/259.9/230.3/221.0 50.0 180.0 304.6 33.2 290.0 

Max site steam saving 360.0/189.8/124.8/113.8 136.4 93.6 133.7 0 203.6 
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(a) (b) (c) 

Process utility loads  at different steam mains  Maximum power potential Maximum site VHP saving 

 

Figure 17 Steam mains selection in the SGCC 

 

7.1.2.  Process variation and CHP integration    

 

Process modifications change the SGCC. In a case shown in Figure 18, extra steam Dw at T1 is generated 

from process heat recovery, and others are unchanged. The SGCC moves parallel to the left by Dw. The 

steam cascade increases the load of Dw from the steam main at T1 to the condensation, and would save 

site VHP steam Dw due to more heat recovery.  

Figure 19 is another case study to illustrate the process modification and utility system performance on the 

SGCC. At this case, the changed SGCC and the fixed process heating loads induce different steam cascade 

and CHP integration.  
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Figure 18 More process heat recovery and utility system performance 

 

 

Figure 19 Process variations and the SGCC 

 

The Site Grand Composite Curve embodies quantitative and visual targets of process heating and cooling 

demands, site steam saving by process indirect heat recovery through steam mains, the minimum utility 

VHP steam target, the potential shaft power generation, as well as the Total Site Pinch. This graphical 

analysis is primarily intended to be employed as a visualization tool for the utility system conceptual design 

and optimizaton without initial system configuration and any particular items selection, and would be 

helpful to scope the potential cogeneration improvements by changing steam mains or process operation 

quantitatively, and consequently to better understand the integration of processes and utility systems for 

high efficiency power and energy production and utilization, and cleaner site utility systems.   
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7.2.  CHP integration to paper mill and district heating  
 

A paper mill is located in Southern of Finland. The paper mill uses wood more than 2 million m3/a as a raw 

material for producing chemical pulp. The capacity of the paper production is 840 000 ton/a and other 

products 12 000 ton/a. Nearly all the electricity needed for pulp and paper production is generated by the 

mill itself and by integrated CHP plant. The paper mill produces also bark as a by-product; which is used as a 

fuel in CHP plant.  

CHP plant supplies power (85 MW) and process steam (140 MW) to the paper mill and heat to the local 

district heating network (52 MW), which supplies the heat to near two small towns. The power plant is also 

located at the paper mill site. Fuels are mainly bark and wood residuals from the paper mill and in addition 

peat, sawdust, and sludge. The share of wood based fuel is more than 85 %. The peat is collected and 

transported within about 100 km radius around the power plant site. 

Process schema of the power plant and paper mill integration is presented in Figure 20. The dash line 

separates the CHP plant from the paper mill. CHP plant supply the steam to the paper mill in two pressure 

levels (13,5 and 3,5 bar).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20 Process schema for integration of the power plant and the paper mill. 

Energy production of CHP in 2005 ς 2008 is presented in Figure 21. 
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Figure 21 Energy production of the CHP plant in 2005 ς 2008. 

Steam supply to the paper mill has been 450 ς 500 GWh in 2005 ς 2008, electricity generation and district 

heating are near 300 GWh/a. Electricity for own use was about 4,2 % of the sum of electricity, district heat, 

and steam production. 

The district heat is sold to two towns closed to CHP plant site. The heat amount is about 2/3 of the total 

district heating annual demand in those two towns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 22. District heating chain from CHP plant to end users in 2007 (J. Forsström & all, 2011). 

 

The total efficiency of district heating system is 80 % including also own production of the energy in two 

towns. The primary energy factor is 1,25. The annual efficiency of CHP for electricity and district heat 

production is 84 %. The electricity production is 160 GWh/a in parallel to steam production for the paper 

mill 22 GWh and in addition the district heating supply to two towns in 2007. Peat fuel extraction and 

transportation energy has spent about 0,8 % of fuel energy value, which increases the total cost of peat. 
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Ågas                     3,2 GWh

Åwood + bark  365,7 GWh

467,1GWh

Prod.loss 15,9 %, ɖ= 84,1%

Electricity 121 GWh

Steam 450 GWh

F 84,1

F 239,2

F 318,1

F 129,4
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Power to heat ratio and total efficiency in Kymin Voima CHP plant

hourly in March 9 - 24 in 2009
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The gas is supposed to be the Siberian natural gas. Bark and wood residuals are transported on the belt 

conveyor from the paper mill. 

 

As an example the main process values (March 9 -24, 2009) in CHP plant are shown in Figure 23. The plant 

production follows the steam demand in the paper mill and the power generation adopts oneself. District 

heat is in connection to power generation except time periods, when steam demand strongly decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 23 Process values of the CHP plant between March 9 ς 24 in 2009. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 24 Power to heat ratio and total efficiency of CHP plant hourly in March 9 ς 24 in 2009. 
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tƻǿŜǊ όtύ ǘƻ ƘŜŀǘ Ǌŀǘƛƻǎ όŘƛǎǘǊƛŎǘ ƘŜŀǘ vΣ ŘƛǎǘǊƛŎǘ ƘŜŀǘ v Ҍ ǎǘŜŀƳ {ύ ŀƴŘ ǘƻǘŀƭ ŜŦŦƛŎƛŜƴŎȅ όʹtot) of the CHP plant 

are shown in Figure 22. As seen the total efficiency varies all the time and reacts strongly to steam demand 

decreasing. The power to heat ratio (DH+steam) of the CHP plant increases at the same time because of 

bypassing of district heating. Power generating decreases following the steam demand. The power to heat 

ratio (DH) of the CHP plant is more than one, because steam demand generates also power. The partly load 

efficiency of the power plant is not useful to utilise for energy chain evaluating based on steady state 

calculation hourly because of delays in the process.  

As we can see in the scheme in the Figure 22 the paper mill integration to a regional district heating system 

is very useful. Large share of the fuels (bark and wood residues) are as by-products of pulp and paper mill. 

Fuel transportation is connected to paper raw material supply. More fuel (peat, saw dust and wood 

residues) is needed about 20 - 25 %. Also all the fuel except peat are CO2 free and save other fuel supply of 

community around the paper mill. 

7.3.  CHP with back pressure steam turbine plan in caustic soda industry  
 

The soda ash process is one of the highly energy intensive chemical processes requiring power as well as 
steam almost in same proportions, i.e. ratio of power to heat would be nearly one. Generally, in soda ash 
plants, the extraction-back pressure type steam turbine based cogeneration systems and fired boilers are 
found working, providing the best performance results due to achievement of extremely good heat balance 
due to excellent utilisation of energy in two different forms. The high pressure boilers are generally fired 
with lignite, coal or fuel oil. An example of soda factory comes from India 
(www.energymanagertraining.com).  
 
The soda ash plant is working round the clock having very critical continuous chemical process. Interruption 
of more than half an hour in availability of energy either in the form of electric power or steam creates 
enormous problems in the ongoing process resulting into substantial production losses. One of the major 
process areas requiring power is Lime Kiln, which must be kept burning under adverse circumstances, 
otherwise it proves disastrous if the kiln dies down. In the stream of soda ash as final product, the screw 
conveyers get jammed due to hygroscopic nature of the chemical. Two nos. of continuously rotating 
calciners are another drive requiring uninterrupted power and steam. Data of fuels and turbine-generators 
is presented in Table 6 and Table 7. 
 
Table 6 Fuel data of soda factory  
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In the case study, one 11.000 kW steam turbine generator and 4.200 kW steam turbine generator along 
with three nos. of 70 TPH (ton per hour) boilers are operated at around 80 - 85% of rated capacity. One 
11.000 kW steam turbine and one of the boilers are kept as standby to take into service either in the event 
of breakdown or maintenance shutdown of any of the running units.  
 
Table 7 /It ƛƴ ǎƻŘŀ ŦŀŎǘƻǊȅΩǎ ŘŀǘŀΦ 

  

 
















