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1. Background

Integration of industrial distributed energy systems have led to significant benefitsrasttect 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 beo@ 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 corfcdistrect 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 commerdéiBd & | NB § Sritdgr&tédd a [ 2 C
9y SNHe& { S Oria2 R the dérhahds forbheating, 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 par{Figure 1). Distributed energy integration should consider
distributed and largescale generation of power from combined heat andvweo, micro power generation,

and heat pumping. Resources to be used should include renewaldash as wind and solar sources as

well as noarenewable sources.The systematic integration of heatingpower as well as cooling
requirements, covering both mig- and macrescale energy systems, will facilitate a step change in energy
efficiency.
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Figurel Locally integrated energy sources to totally integrated platform of energy system in society

A largenumber 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 identifiedchassessed.

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 ne@sary to systematically evaluate sitéde 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 irdetion between processes and utility systems. The
influence of process load variation and steam mains selection on cogeneration improvements is explored
guantitatively 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 patial cogeneration improvements by changing steam
mains or process operation gquantitatively, 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 ele@@titityplants 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 reductiopsgn@@ther
emissions, gained by CHP are thus up to 40 per cent thaesn@HP one of the most effective ways to
simultaneously reach lower emissions and fuel demand.

About 112> 2 F 9 dzNER LIS Q &5 %Sassbaxiedifedd feduieméntis B produced using this
proven energy efficiency principle. The estimatgdwth potential for cogeneratiotis a further 110 120

GW,, 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
sectas. 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 electricity3QDBTWlha, CHP/IEA 2008), resulting in energy

alr gAay3aa 2F Y2NB (GKIFYy p 9W omodgn ¢2KO FyydzZtteo
EfficiencyandC® YA &dadA2yaé O6HnnTO dzZLJ 42 o G2 n LISNI OSyi
manufecturing.
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Figure2. 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: BRigaréia, Turkey, and Croatia) + 3
EFTA countries (Iceland, Norway and Switzerland) is shokigure3. 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.

Industrial end use of net heat and electricity

pJ for EU25 + ACC4 + EFTA3 during 2003 for various branches
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Figure3 Industrial end use of neheat and electricity by origin of supply for the whole target area of 32
countries (Ecoheatcool, 2006)

Energy consumption in E28 countries is shown iRigure4.
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Figure4 Final energy consumption by sectors in 28 [Mtoe] (Eurostat 2011).
Total consumption has decreased from 1150 Mtoe in 2001 to 1109 Mtoe in 204) (

Energy consumption in industry is showrFigure5. The total consumption has decreased from 330 Mtoe
in 2001 to 288 (in 201113 %] (Eurostat 2011).
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Figure5 Energy consumption [Mtoe] by industrial sector in E28 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:

1 Low voltage 400 V iocal delivering net

1 Middle voltage 260 kV in local transmission net

1 High voltage 110220 kV in main transmission net
Electricity generation in ERB countries is shown iRigure6. 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 andvirer generation) in relation to gross electricity generation in 2011 is shown
Figure7. The generation is increased from 3094 TWh in 2001 to 3335 in 2011 (Eurdkiat ZDombined

heat and power generation in the E2F acounted 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 Lithuargeew 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).
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Figure6 Power station generation [TWh] by type in ERB countries (Eurostat 2011).
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1 2010 data.

Source: Eurostat (online data code: tsdcc350)

Figure7 Share of CHP generation [%] of gross electricity generation (Eurostat 2011).

3.2.Heat demand

Three different temperature levels have been useddescribing the quality of the demand for heat to be
used in various industrial branches:

w 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 industriatgsses as washing, rinsing, and food
preparation. Some heat is also used for space heating of industrial buildings asite drot water
preparation.

w Medium temperature level is represented by an interval between 100 °C and 400 °C. This heat is
normally sipplied through steam as a local heat carrier. The purpose is often to evaporate or to dry.

w High temperature level constitutes temperature levels over 400 °C. This high quality is needed for
manufacture of metals, ceramics, and glass etc. These tempestae 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 ifigure8. 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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Figure8. Industrial heat demand®stimated 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 areB¢oheatcool, 2006).
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4. Potential of CHP in selected industrial sectors

Energyintensive industrial as the food processing, pulp & paper, chemicals, metals and oil refining sectors
have been traditional investors for CHP facilities. These industries mgresore 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 weatredated fluctuations, so energy is an important part

of their busines, and operation and maintenance personnel are available and competent to manage CHP
systems. In some industries, les@st fuel sources (i.e. wastes) are available for use in CHP systems. While
industrial systems over 1 Myvhake up the bulk of global CHBpacity, many smallescale 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 @kectricity 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 wldntaore
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 generateahé
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 heatingssems 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 inFigure9.

More than 11 % of electricity and 15 % of delivered heat are produced by CHP in Europe. The installed
capacity of CHP was 105.3 ¢Alid 264,1 G\Win 2011. As shown irkigure 9 Germanyis the biggest CHP
production country andNetherlands andtaly are thenext 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 tilishemnical and
refinery side and more effective wood waste utilising in wood industry side. The result of calculation is

11
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presented inFigure10. The electricity ancheat can be utilised in process or in local society based on

demand and price of competitive capacity.
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Based onFigure 10 the biggest CHPotential is in Germany and the next ones dfeance, Belgium,
Netherlands, Italy and UKThe decision of Germany to shut down the nuclear power make it a very
potential candidate to add the CHP production based on waste material fromradiffeources and waste

heat sources to district heating.
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Figurel0Industrial energy potential of CHP production in 28 EU and 7 other European countries.

Based on this calculation 3,1 Mteeaste energy source is needed more in chemical and refinery and pulp
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% increase in total production of CHP. Part of the extra potential of the &uyhaper 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 capaciill be in CHP is 7800 MW and Q@0 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 industryvivw.energymanagertriaing.con).

1 Normal as well as maximum/minimum power load and steam load in the plant, and duration for
which the process can tolerate without these ultilities, i.e. criticality and essentiality of inputs.

T What is more critical whether power or steam, talecide about emergency backp availability of
power or steam.

1 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.

1 Under normal pocess conditions, the step by step rate of increase in drawl of power and steam as
the process picks upwhether the rise in demand of one utility is rapid than the other, same or
viceversa.

1 Type of fuel availablewhether clean fuel like natural gasaphtha 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.

1 Commercial availability of various system alternatives, life span of vargystems and
corresponding outlay for maintenance.

1 Influence exerted by local conditions at plant site, i.e. space available, soil conditions, raw water
availability, infrastructure and environment.

1 Is it possible to produce also cooling for process orididheating/cooling for society near the site.
1 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 mustdialled to match the demands as per
requirement. Typical Hedb-Power ratios for certain energy intensive industries are providéihiniel.

Tablel Typical Heatto-Power Ratios for Energy Intensive Industries

13
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—— o a g g mmme s e I -

Industry Minimum Maximum Average
Breweries 1.1 4.5 31
Pharmaceuticals 1.5 2.5 2.0
Fertilizer 0.8 3.0 2.0
Food 0.8 2.5 1.2
Paper 1.5 25 1.9

Concept of cogeneration would be generally found most attractive with existence of following
circumstances in the industries:

1 The demand of steam and power both is more or legsal, i.e. consistent with the range of
power-to-steam output ratios that can be obtained from a suitable cogeneration plant.

1 A single industry or group of industries requires steam and power in sufficient quantum to permit
economies of scale to be achesl,

1 Peak and troughs in demand of power and steam can be managed or, in case of power, adequate
backup capacity can be obtained from the utility company.

The cogeneration plant may be operated within three main operating regimes as follows to take wptimu
techno-economic benefits:

1 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 cogenerdt2y LX Iyd A& 2LISNF¥GSR G2 adzJJe StSOi
requirements, which may be exported, whilst total thermal energy available is utilised in the
industry.

9 The cogeneration plant is operated to supply electric power , with or witlespbrt, 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 arenewable 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 devielgmations 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 ecoalonay.

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 describeldan
below.

14
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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 Ige 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.

Table2 Advantages/Disadvantages of cogenerationssgm variants

Variant Advantages Disadvaniages
Back Prassura - High fual efficiancy rating - Little flexibility in design and
Steam Turbine and | - Very simple Plant operaticn

Fuel firing in
Corventional Boiler

- Wall suited to all types of fusls of high or
loww quality

- (Good part load efficiency

- Modearate relalive specific capital cost

- More impact on emvironment in case
of use of low quality fual

- Higher civil construction cost due
o complicated foundations

Extraction-cum-
Condensing

Steam Turbine and
fal firng in
Corventicnal Boiler

- High flexibility in design and opearation

- Well suited to all types of fuels, high
quality or low quality

- (Good part load afficiency

- More suitable for varying steam demand

- Mora specific capital cost

- Low fual afficiency rating, in case
of mora condansing

- Mora impact on amvironment in casa
of use of low quality fueal

- Higher civil construction cost due
to complicated foundations

- High cooling water demand for
condensing sieam turbine

Gas Turbine with
Waste Heat
Recovery Boilar

- High fusal efficiency at full load oparation
- Wary simple plant

- Low specific capital cost

- Lowest delivery period, hence low
gestation pariod

- Lass impact on emvirenment (with use of
clean fuals)

- Least maintenance option

- Cwick start and stop

- Siill better afficiency with
supplemeantary finng in Waste haat
recovery boilar

Least cooling water requirement

- Modarate part load sfficiancy

- Limited suitability for low quality
fuels

- Mot economical. if constant steam
load a problam

Combined Gas and
Steam Turbine with
Waste Heat Boiler

- Optimum fuel efficiency rating

- Relativaly low spacific capital cost
- Laast gestation period

- Less impact on emvircnment

- High operational flexability

- Qwick start and stop

- Average to moderate part load
afficiancy

- Limited =suitability for low guality
fuels

- High civil constnection cost due to
mizre and complicated

- Sl better efficiency with
supplemantary firing in Waste heat
racovary boilar

foundations/uildings
- More cooling water demand with
condensing steam turbing

Raciprocating
Enging and Waste
Heat Recovery
Eciler with Heat
Exchangear

- Low civil consiruction cost due to block
fype foundations and least nos. of
auxiliaries

- High electrical power efficiancy

- Batter suitability as emargancy standby
plant

- Least specific capital cost

- Low cooling water demand

- Low owverall plant efficiancy in
cogenaration mode

- Suitability for low quality fuals with
high cleaning cost

- High maintenance cost

- Mora impact on amvironmeant with
low quality fuel

- Least potential for waste heat
FECoverny

15
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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 rurcsugsige/ 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.

h:M(l

where H, is useful energy output anld, 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 thermodyméc, and evaluates the temperature difference between process and
surroundings. The efficiency of Carnot cycle is defined as

/7C =1- Tm_'”
T

max 2

where T, is the lowest andiax the highest temperature in Kelvin dexgs in the process.

When maximising the efficiency of the process the temperature differéiygeg Tmin must be as high as
possible. As known the Carnot cycle efficiency is maximum theoretical efficiency, which can be achieved.

The useful energy carebdefined as exergyE(, which evaluates also quality of energy. Then we put the
exergy values instead of enthalgy) (into the equationlL

E=HTS 3

whereTis temperature in Kelvirklis enthalpy and&Gentropy in temperaturer.

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 efficiencyapresents the potential that can be reached using a known BAT commercial technology.

16
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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 efficienaeptials.

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 affectdy 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 pressureFjgurell).

Process 2
Energy input Process 1 Secondary Process 3
energy input
Secondary
energy input

Energy result

Energy result

Figurell Process integration in serial

Figurel? 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 burnaldeligasts

fA1S o0fFO1 tAljdz2N) FyRk2N) a2t AR YIGSNALFE fA1S 622R
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 disict 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 endigy 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 m@ss 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 lifecycle cost efficiency. The maximum technical efficiency can be asasigh is
economically viable from the lifeycle 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

17
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technologies or solutions. If remarkabiecrease of process efficiency is required, the whole technical
solution should be replaced and barrier to make that investment might be too high.

@ \
= .
% Boiler
B D
=% :
E 1
= :
TH i
! |
i |
| i
I ! E E
: | HP ind.proces :
i ! :
TL QLPwater i MP ind.proces E E
H CHP electricity ' ,
TO CHP heating E LP ind.process :I E
District heating ! E i

Enthalpy

Figurel2 Integration of industrial process site, CHP and local-Bé{.
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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 detergnimdityb

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 tife 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 processesligndystems.

Both graphical approaches and mathematical programming methodologies have been developed to
improve power and energy targets (Smith, 2005). Pinch technology (Lirethaiff 1982) is well utilized as

the graphical methods as the visual and computational aid to reflect thewsite 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 SoiBitk 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 indhlieat 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 $feam expansion can be estimated by enclosed
area in the curves based on a temperature enthalppl Thodel (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 forvgide 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 ahgeneration 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) specifipcbcess specific minimum temperatudéfferenceto 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.

+I NDlIy2@0Z HnanmMoL®d YESYSO SiG Itd ompdpTtOd LINBLRASR
£+ NDFYy2@ YR YESYSO oOounmnv0 & Sté composites curdes foOrfegrater v (i 2
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 othe individual process. Saw et al. (2011) extended graphical targeting technique for

The applicatono&a A 0 S GF NASGAY3 INFLKAOIET YSGiK2Ra KFra 0SSy
R
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direct reuse/recycle in concentration and propefigsed resource conservation networks. Hackl et al.
(2011) used Total Site analysis to improve energy collaborationdegtwlifferent companies. Wan Alwi et

al. (2012, 2013) adopted Pinch graphical tools to achieve minimum electricity targets in hybrid renewable
energy system. Krishrariya and Bandyopadhyay2013) studied the emission constrained power system
planning based on the Pinch Analysidwi 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 Roasdlal. (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 #imear modés (Sorin and Hammache, 2005; Prashant and Perry,
2012). Rigorous mixed integer rdinear programming model would obtain accurate results (Bruno et al.
1998). Other thermodynamic models (Medina and Pitlimez, 2010), iterative Bottosto-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 multiperiod utility systems (Marechahd Kalitventzeff, 2003) have been developed.

A new Site Pinchased 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
selectim, 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 cé¥an this straightforward method.

6.1. Site Grand Composite Curve

The SGCC is built by the separation of SiéProfile andSite SourceProfile.

As shown irFigurel3, the coordinate of the SGCG-¢&h T) is the point at the Sit&inkProfileb; minus the
point at the Site SourceProfile & at the temperature T it is related to process heating loagd(MW) and
steam generation ,dMW) from process heat recovegt each steam main i. Theeam maini includes VHP,
high pressure (HP), medium pressure (MP), and lower pressure (LP).

i =1 HP steam main: bl —al = ( b— a)HP = (Zui—uVHP) + g1 4
= 2, MP steam main: (b —a)MP = (Tui— uVHP) +({gl—ul) + g2 = (b—a)1+g2 —ul 5
= 3.LP steam main: (b —a)LP = (Zui—uVFHP)+ (gl —ul)+{g2-u2)+g3 = (b—a)2 + g3 —u3 6
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Figurel4 Site targeting in the Site Grand Composite Curve

Even thoughthe SGCGs constructed in a similar way to the process Gr&uinposite Curveghey are

intrinsically differences. The press GrandComposite Curveare 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 morempye for understanding the

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

are addresseth the SGCC.
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Directheat recovery within the individual process canibw®liedin the processGrandCompoge 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; 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 generati®y by process heat recovery. Thiaessteam saving is a key
parameter. Its identification in the SGCC contributes to both utility VHP steam target as well as system
cogeneration.

6.2. Seam cascade and utility targets

As shown irFigurel4, the steam cascadie constructed by th&GCC minus the process heating logat u
each steam mainlt is not possible for the steam cascade from lower to higher pressure. The minimum
steam cascade would be removed be empty inFigure1l4. The removed steam cascadetli® possible
maximum site VHP steam saving due to the process indirect heat recovery through steam maingdt impl
fuel combustion saving in the system.

The process total steam demand is the summarization of the process steam load.iB&pd on the new
steam cascade built by the site VHP saving remov@birel4, the utility VHP target is clearly visualized in
the SGCC by tharocess total steam demand minus the site VHP saving.

Total steam demand = Eiti 7

QVHP = Eui-QVHPsarve 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 teempture enthalpy (AH) model(Raissi, 1994)lt 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*Qn*(-rm' Toul) 9

c is the power conversion coefficient based eH Todel. 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 basedtioa SGCCThe total shaft power
potential is estimated as the following equation:
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W= c*[Sgi(Ti-Teg)+ Sui(Turp-Ti)  Quip save (TvrpG Ted) | 10

Table3 Steam cascade and potential shaft power

Steam mains zon« Steam cascade, kW Shaft power potential, kW

VHP-HP UnptUmptULp-Quip save C*[( UnptUvpt uLP)*(T VHP'THP)'QVHPsave*( DTsite pincf)]
HP-MP GrptUnptULp-Quip save  C*[( grptUmptULp)*(T v Tivp) -Quipsave™ (DT site pinch]
MP-LP OnptOvPTULP-Quip save  C*[( OrptOvptULR)*(Tme-Tip) -Quipsave*( DT site pinch)]

LP-condensation = gip:Gup+9p-Quip save  C*[( Grips+ Owp0e) (T Lp-Ted)  -Quipsave™(DTsite pinch)]

6.4. Total Site Pinch

The Total Site Pincty § S Y S O B the stemno Zone without steam cascade in 8®CCIn Figurel4, the
Total Site Pinch lies in the condensing zonrel(].

The Total Site Pinch is distinctly different from the Process Pinch. The Total Site Pinch represents a
bottleneck in site indirecheat 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 compositesciiitve 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 TotatlSitévidies the
SGCahto three sections, and clarifies the site VHP and cooling targets and site steam saving.

At the Total Site Pinchthe site steam just satisfies the process heating requirement. There is no steam
cascade and no shaft power potentlal steam expansion. Measures taken to increase the steam cascade
at the Total Site Pinch might decrease utility VHP steam target.

Above the Total Site Pinctihe heat deficit of the system requires VHP steam from fuel burning in boilers.
More process indect heat recovery above the Total Site Pinch is beneficial for site steam saving, site VHP
target reduction, and lower operating cost and f&issions.

Below the Total Site Pinchthe process heat recovery can satisfy the process heating demand, ighd m
have surplus steam condensing for power generation. Process hot streams are cooled by cold medium
below the Total Site Pinch.

Table4 illustrates the utility VHP steam target and site steam saving at different Total Site Pinch locations.
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Case

Condition

Site VHP sawving
MW

Utility VHP target
MW

Site pinch

OHp>Unp

OHptOmp> UnptUvp
OnptOvpt O™
UnptUmptULp
OHp<Unp

Omp> Uvp

Ovpt 05> Uvpt Up
Omp<Uwp

Ogs>ULp

OHpt Gup< Unpt Uvp
OLp<u,p

Ompt OLp< Uwpt Up
OHPtOvptOLp <
UnptUmptULp

Uypt UvptULp

Onpt UvptULp

OnptOuptULp

OnptOvptOie

Uyhp

UvHptUnp- OHp

UvHptUnptUvp-Onp-Ovp

UynptUyptUvptUp

“OnP-Ovp-OLp

VHP-HP

HP-MP

MP-LP

LP-
condensation
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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 tafflebetween system power
generation and site fuel consumption.

Measures should be taken both from processes and utility systems to improve hepoeed 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 variatiopraicess utility demanddt 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 relse\ateam
cascaddn the system, anghower generationby steam exparien in steam turbinesThat is, &eam mains
play a significant role in the cogeneration improvemerie effect of new steam mains introduction and
steam mains selection on cogeneration are discussed here.

New steam mains introduction and cogeneration imqvements

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 stesasffect onthe boiler steam
saving, utility VHP steam target and tsleaft power potentiabepends 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 andtility VHP targetreduction Figurel5demonstrates adding new steam main (IN) at T
between T and &. The new Total Site Pinch relocates fromTg) to (Tn-Ts). The steam cascade increases

u at the zone (F Tn) and gy at the zone (K-Ts). The extra possible site steam saving is the minimum of

g~ and uy, and it implies the reduction of the VHP steam target and fuel combustion saving for steam and
power generation.

At the fixed fueconsumption in the utility systepadding a new steam main (IN) at the Total Site Pinch can
generatemore shaft powefor cogeneration improvements.

AW = c=[[TIN—1 — TIN)=wIN + (TIN— TIN+1)=gIN] = c= ((T2-TIN)=uIN + (TIN-T3) = g 11
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Figurel5 Seam 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 th&it@RinchThere has no
effect on the boiler steam saving, utility VHP target, and fuel combustion, either.

As shown inFigure16, a new steam main introductionN) at Ty causes extra higher pressure steam
generationgy from process heat recovery, and lower pressure steam logdan process heating. The
steam expansion of yfrom VHP to the nevsteam main IN and theteam expansion of,gfrom the new
steam main INmight generateextra power.
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Figurel6 New steam mains introduction away from the Total Site Pinch
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The new steam main introduction would improve the cogeneration.

AW = ¢« [(TIN—1 — TIN)=uN + (TIN— TIN+ 1)= gN] = c= [[TVHP — TIN )=uN + (TIN— T1)=gN] 12

Even thoughthe 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 C@mission reduction.

Steam mains selection

Steam mains selection affeqisocess 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
expansionThe 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 ifrigurel7(a) and the utility targets in the SGCigurel7(b) andFigurel7(c).

Steam mains might be selected for the maximum power generation in Figure 2.5(b) and the minimum fuel
consumption inFigure 17(c), depending on electricity pricéyel 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 kigurel7. Table5 lists the effect of steam mains on site
system targets.

Table5 Steam mains selection and site system targets

Scenario Steam mains,C Qsave  Qsite Fuel Shaft power Cooling water
MW MW MW MW MW
Max shaft power 360259.9/230.3/221.0 50.0 180.0 304.6 33.2 290.0
Max site steam savir 360.0/189.8/124.8/113. 136.4 93.6 133.7 0 203.6

27



EFENIS 296003 Deliverable3.3 Page28of 43

T.C T, C T, C
A A A
400 T 400 - S 400 A su,
e —
350 T E 350 T E Q\/Hp E 350 T Q/HPsave Q\/HP
300 + 300 1 300 4 No steam
. : T\ cascade
250 1 250
200 T ’\ 200 T
:Site pinch
150 T 150 T
100 1 100 T
50 { 50 | 50
CCm . ®eee
1 ! . L ! Ly i 11y N T R
400 -300 -200 -100 0 100 200 300 © 100 200 300 0 100 200 300
H, MW H, MW H, MW
(a) (b) (©)
Process utility loads at different steam mai  Maximum power potential Maximum site VHP saving

Figure17 Steam mains selection in the SGCC

7.1.2. Processvariation and CHP integration

Process modifications change the SGCC. In a case shdwguirl8, extra steamDw at T, is generated
from process heat recovery, and others are unchangéd. SGC@hoves parallel to the left bipw. The
steam cascade increases the loadDef from the steam min at T to the condensation, and would save
site VHP stearbw due to more heat recovery.

Figurel9is another case study to illustrate the process modification atilily system performance on the
SGCC. At this case, the chan§&%IC@nd the fixed process heating loads induce different steam cascade
and CHP integration
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Figurel9 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 gen@af 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 selecaod would be

helpful to scope the potential cogeneration improvements by changing steam mains or process operation
guantitatively, and consequently to better understand the integration of processes and utility systems for
high efficiency power and energy praction and utilization, and cleaner site utility systems.

29



EFENIS 296003 Deliverable3.3 Page300f43

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 nillicasra 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 CHRapt. The paper mill produces also bark as #ofmduct; 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 heah&ar 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 present&ijime20. The dashihe
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).
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Figure20 Process schema for integration of the power plant and the paper mill.

Energy production of CHP in 203008 is presented iRigure21.

AUX CONDENSER
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Figure21 Energy production of the CHP plant in 20@2008.

Steam supply to the paper mill has been 438000 GWh in 200§ 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 heais 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.
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Figure22. District heating chain from CHP plant to end users in 2007 (J. Forsstrom & 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 efitgiest 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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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 thenain process values (March24, 2009) in CHP plant are showrFigure23. The plant
production follows the steam demand in the paper mill and the power generatitmpts oneself. District
heat is in connection to power generation except time periods, when steam demand strongly decreases.

Process values of Kymin Voimain March 9 - 24 in 2009

240,00
200,00
160,00
2
\2./ —— Fuel
3 120,00 —— Process steam
2 ] — Power GT7
w i —— DH-effect
80,00 S8
40,00 - £, " At
0,00-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
1 25 49 73 97 121 145 169 193 217 241 265 289 313 337
Hours
Figure23 Process values of the CHP plant between Marah 24 in 2009.
Power to heat ratio and total efficiency in Kymin Voima CHP plant
18 hourly in March 9 - 24 in 2009
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Figure24 Power to heat ratio and total efficiency of CHP plant hourly in March 24 in 2009
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t 26 SNJ otv (G2 KSFGO NIGA2a ORAAGNARAOG K§lbfihe CHP plRM & i NA
are shown irFigure22. 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 iesreahshe 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 tle 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 frigure22 the paper mill integration to a regional district heating system
is very useful. Largehare of the fuels (bark and wood residues) are aprogucts of pulp and paper mill.
Fuel transportation is connected to paper raw material supphore fuel (peat, saw dust and wood
residues) is needed about 2@5 %. Also all the fuel except peat are,@®e 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 sod 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 extractiorback pressure type steam ture 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 Hgrizeal

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 procassulting 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 finatpriee 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 tybirezators

is presented irmMable6 and Table7.

Table6 Fuel data of soda factory

Fuel composition data

Component Unit Lignite Coal
Fuel flow MT/hour | 9.34 4.0
Higher heating value (Gross cal value) kCalkg 3894 5832
Lower heating value kCalkg NA NA
Moisture M % W/wW 32.16 5.58
Carbon C % W/wW 31.78 64.07
Hydrogen H % wW/w 3.48 517
Nitrogen N, % wW/w 2.82 1.08
Oxygen % wW/w 14.43 11.93
Sulphur % wW/w 2.53 0.95
Ash A % w/w 12.8 11.22
Ratio of fuel maintained for firing % 70 30
Fuel GCV based on 70:30 ratio considered for performance 4200
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In the case taidy, 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 around8806 of rated capacity. One
11.000 kW steam turbine and one of the boilers are kept as statallbake into service either in the event

of breakdown or maintenance shutdown of any of the running units.

Table7/ 1t Ay &a2RF FLOG2NBQa REGl O
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