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Exergy as a means for process  
integration in integrated steel 
plants and process industries

Carl-Erik Grip, Jan Dahl and Mats Söderström

Exergy analysis can be a useful tool for process comparison and improvement in industrial energy systems. Examples 
from three branches are given: pulp and paper, bio refineries (ethanol) and steel production. The application and 
development of exergy analysis in an integrated steel plant is shown together with description and explanations on 
destroyed and lost exergy. Implementation for energy conservation and use as a pedagogic tool is discussed. 

Most process industries consist 
of a network of units, which 

are dependent on each other. A 
global approach, process integra-
tion, has been developed to avoid 
sub-optimization when energy is 
saved in such a system. 

Process integration and the 
exergy concept
A national joint research pro-

gram on process integration for 
all process industries in Sweden 
was started in 1997, with financ-
ing through the Swedish Energy 
Agency. The program supported 
both university and industrial 
research. The research effort fo-
cussed on the three major tech-
niques: pinch analysis, mathemat-
ical programming (Mind method) 
and exergy analysis. The latter two 
have been successfully applied on 
the energy and material system of 
SSAB Strip Products Division in 
Luleå. Following the successful ap-
plication in Luleå, an excellence 
centre for Process Integration in 
Steelmaking (Prisma) was founded 
which presently has SSAB, LKAB, 
Ruukki, Ovako and Merox as indus-
trial partners together with Mefos 
and LTU, and with funding from 

industry and three governmen-
tal organisations: Vinnova (The 
Swedish Governmental Agency 
for Innovation Systems), KK (The 
Knowledge Foundation) and SSF 
(Swedish Foundation for Strategic 
Research). 

The exergy concept, which is 
the main focus of this paper, is a 
mathematical description of the 
fact that different energy forms 
have different values. For example 
energy in the form of electricity 
can easily be used. On the other 
hand cooling water with over-tem-
perature of some degrees contains 
a lot of energy which cannot be 
practically used. See also a popular 
description in figure 1 .

Exergy describes the part of the 
energy that can theoretically be 

converted into work. The exergy 
of a medium can usually be de-
scribed as:

 (1)

where: 
 E: exergy content
	 				ΔH and ΔS: changes in enthalpy  

  and entropy from reference 
state in J/kg

  T0:  temperature at reference 
state in K.

For a temperature change of 
solids and liquids without chem-
ical reactions ΔS can be described 
as:

	 (2)Carl-Erik Grip; Jan Dahl, Luleå University of Technology (LTU), Luleå, 
Sweden; Mats Söderström, Linköping University, Linköping, Sweden.
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Exergy describes the practically useful part of energy
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And for an ideal gas as:
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where :
m:  weight in kg
Cp:  heat capacity at constant 

pressure in J/(kg K)
T:  temperature in K
p:  pressure in Pa

p0:  pressure at reference state 
in Pa.

It is important to understand 
that exergy is not an absolute 
value. Instead, it is a difference 
value, expressing the difference 
from a reference state, usually cho-
sen as the state of the surround-
ings. For example, the exergy of 
water at different water and sur-
rounding temperatures is shown in  
figure 2 .

Scope of paper
Exergy studies for applications 

in three different branches are 
described:
–  Combination of mathematical 

programming, pinch analysis 
and exergy analysis at a pulp 
and paper plant

–  Use of exergy analysis for evalua-
tion of integration of an ethanol 
plant with combined heat and 
power production

–  The energy system at SSAB Strip 
Products Division in Luleå and 
exergy studies on that plant are 
described in some detail.
The potential of the exergy 

method is discussed in the fol-
lowing examples.

Exergy studies on a pulp 
and paper case
Exergy analysis of pulp and 

paper mills is interesting due to 
the extensive use of both work 
and heat. Such a study was car-
ried out as a part of a PhD study 
at Linköping University (LiU)  
[1; 2]. The PhD project as such was 
a combined study, including all 
three methods included in the 
national program: pinch analysis, 
mathematical programming and 
exergy analysis. The case chosen 
was a Swedish pulp and board 
mill (Skoghall), which consisted 
of a sulphate pulp mill, a CTMP 
(Chemical-Thermo-Mechanical 
Pulp) mill and a paper mill with 
two board machines. The general 
flow sheet of the plant is schemat
ically described in figure 3a. 

The processes can briefly be de-
scribed as follows:
–  Mechanical debarking, chipping 

and screening of wood chips. 
Combustion of bark in a bark 
boiler.

–  The chips are distributed be-
tween the sulphate mill and the 
mechanical CTMP mill according 
to demand.

–  In the sulphate mill the chips 
are cooked with white liquor at 
high pressure in the continuous 
digester, where the lignin in the 

2

Exergy in water at different water and surrounding temperatures, expressed as % of energy content

3

Flow sheet of a sulphate pulp and board mill and example of the exergy balance for two of its units (Debarking 
and bark/oil boilers) [1; 2]
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chips is dissolved in warm cook-
ing liquor. The pulp and liquor 
are removed from the bottom 
of the digester to be washed/
screened and refined. 

–  The black liquor spent is sent to 
the recovery boilers, where the 
dissolved lignin is burnt. The 
remaining green liquor is caus-
ticized and refined into white 
liquor which is returned to the 
digester.

–  In the CTMP mill the chips are 
impregnated with chemicals 
and then refined under high 
pressure. 

–  The steam needed for the pro cess 
is produced by three types of 
boilers: (1) the bark boiler, (2) the 
fuel oil boiler and (3) recovery 
boilers. The excess steam is used 
in the electric power plant, using 
two back-pressure turbines. 

–  The pulp is then formed and 
finished in the paper mill by 
dewatering, pressing and dry-
ing. 
Thermal and mass balance data 

for all involved processes and flows 
were collected and thermal and 
chemical exergies were calculated. 
Additional changes in mixing ex-
ergy could be expected due to the 
mixing and separation operations 
within the plant. A problem was 
that the solutions in question were 
nonideal, and sufficient data for 
evaluating mixing exergy were 
lacking. However, a general study 
indicated that the contribution was 
very small compared to the total 
balance. Thus mixing exergy was 
not included. Exergy balances were 
made for the individual units and 
for the system. Figure 3b shows an 
example of two of the unit balanc-
es, debarking and bark-oil burners. 
For the debarking the main part 
of exergy passing through the pro-
cess is the part bound as chemical 
energy. This remains unaffected 
through the process which gives a 
high output exergy (97 %). A small 
part was lost as exergy in the waste 
flows (0.5 %). The rest (2.26 %)  
was irreversibly destroyed. This 

is mainly the mechanical energy 
used for debarking. The diagram 
for the bark/oil burners looks quite 
different. Here the main process 
is conversion of chemical energy 
(100 % exergy) into steam with 
much lower exergy content. 69 % 
of the input exergy is irreversibly 
destroyed in this process. There 
is also a small loss of exergy in 
the heat loss flows (2 %). Only  
29 % remain as useful exergy. Thus, 
from a pure thermodynamic point 
of view this process is not very ef-
ficient. This case study shows that 
it is the boilers and the evaporation 
plant that are the most inefficient 
processes, with efficiencies down to 
29 %. Within the combined study, 
different investment alternatives 
for these processes are studied and 
cost optimization was achieved us-
ing mathematical programming 
by the Mind method. The study 
indicated potential savings in en-
ergy costs corresponding to up to  
15 million € per year while the 
exergy efficiency can be improved 
by up to 14 %. The combined ap-
proach showed that in most cases 
the energy costefficient alterna-
tives were also exergy efficient. 

Integration of an ethanol 
production plant with a 
CHP
This second example presents 

results of exergy studies on the in-
tegration of an ethanol production 

plant with a CHP (combined heat 
and power plant) [3]. The case used 
in the calculations was a plant with 
a capacity of producing ethanol 
from 200 000 t of shavings. The 
process was based on SO2-catalytic 
steam pretreatment, followed by 
simultaneous hydrolysis and fer-
mentation. A schematic flow sheet 
is shown in figure 4 . The distilla-
tion and dehydration give a clean 
(> 99.8%) ethanol. The remaining 
stillage is separated in solids and a 
liquid rest, which is concentrated 
through evaporation. The concen-
trate is sent to steam generation. 
The excess solids could be used to 
produce fuel pellets or to produce 
heat and power. 

Five different scenarios were 
studied:
A  Stand-alone ethanol plant in 

combination with a power plant. 
All fuel produced by the plant 
(solid + concentrate + biogas) is 
used in the steam generation. 
All remaining steam is used to 
produce electricity in a condens-
ing power plant. 

B  An ethanol plant integrated 
with production of fuel pel-
lets. Only the amount needed 
for process steam is used for 
steam production. No produc-
tion of electricity. 

C  Ethanol plant + a CHP with 
capacity to produce the steam 
needed in the plant. The surplus 
solid fuel is pelletized.

4

Flowsheet of ethanol process [3]
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D  Ethanol plant + a CHP with 
capacity to use all fuel from 
the plant. The steam needed 
for the plant is delivered from 
the CHP. A flue gas condenser 
is included.

E  Like D, but the pressure in the 
condenser after evaporation is 
increased in order to use that 
heat in district heating.
Different evaporation technol-

ogies and the effect of process im-
provements were also studied. The 
different alternatives were simu-
lated in an Aspen model. Three 
evaluation criteria were calculated 
for each case: 
–  energy efficiency
–  exergy efficiency
–  process economy, expressed as 

lowest possible ethanol price.
A comparison of all three criteria 

is made in figure 5 . The table also 
includes a ranking of the alterna-
tives according to those criteria. 
The production-cost criterion is 

expressed as the break-even price 
(in Swedish Krona, SEK) for the 
ethanol produced in the system.  

The highest exergy efficiency 
is obtained for the cases B and C. 
The main reason is the high ex-
ergy in the fuel pellets (chemical 
exergy). 

The table shows that the ranking 
is dependent on the choice of cri-
teria. As mentioned above, a rank-
ing for exergy efficiency gives the 
highest rank for the alternatives 
“producing pellets”, whereas the 
ranking for both energy efficiency 
and production cost give a pref-
erence for the alternatives that 
produce district heating.  

Exergy studies at SSAB 
Strip Products Division
SSAB Strip Products Division in 

Luleå is an integrated steel plant 
including coke ovens, an ironmak-
ing plant with one blast furnace, a 
steelmaking plant with two basic 

oxygen furnaces and a continuous 
casting plant with two slab casters. 
The coke plant, BF and BOF produce 
energy-rich gases as a by-product. 
There are three types of gases: coke 
oven gas (COG) with a heat value of 
approximately 17.5 MJ/m3 (S.T.P.), 
BOF gas with a heat value of ap-
proximately 7 MJ/m3(S.T.P.) and 
BF gas with a heat value of ap-
proximately 3 MJ/m3(S.T.P.). Part 
of these gases are used within the 
steel plant, but there is a surplus of 
gas. In most integrated steel plants, 
the main part of this energy can 
be used in the subsequent rolling 
and finishing mills. In Luleå, this is 
not possible because of the distance 
of 800 km to those mills. 

Instead, there is a close co-
operation with the city of Luleå, 
where the gas is used as fuel in a 
Combined Heat and Power plant 
(CHP) to produce a combination of 
electric power and hot water for 
district heating. The latter is an im-
portant commodity because of the 
location close to the Arctic Circle. 
This covers the total consumption 
of electricity at SSAB Strip Products 
Division in Luleå, as well as the 
demand for heat for residential 
heating in Luleå. Also, the price 
of district heating in Luleå is the 
lowest in Sweden. The gas balance 
differs from many other integrated 
steel plants in the following ways: 
there are no reheating furnaces 
using fuel gas and the underfiring 
of the coke oven plant takes place 
with 100 % coke oven gas.  

The energy flows through the 
steel plant in 2007 are shown in 
the Sankey diagram in figure 6 .  
The diagram is based on data in 
the official environmental report 
for 2007 [3]. It can be seen that 
there is a considerable amount of 
heat losses (approximately 37 %). 
They are not studied in detail in 
that report. The diagram on the 
righthand side of the figure shows 
the distribution of losses between 
different media according to a pre-
vious study [5]. The production 
and absolute values have changed 

A B C D E
Energy 
efficiency

53 % 
(5)

70 % 
(4)

70 % 
(3)

76 % 
(2)

92 % 
(1)

Exergy 
efficiency

41 % 
(5)

60 % 
(1)

56 % 
(2)

43 % 
(4)

45 % 
(3)

Production 
cost

4.65 
SEK/I 
(4)

4.73 
SEK/I 
(5)

4.56 
SEK/I 
(3)

4.20 
SEK/I 
(2)

3.87 
SEK/I 
(1)

5  
Energy and exergy efficiency and process economy for the different alternatives  
The ranking of the alternatives according to these criteria is shown in parentheses

6  
Energy flows and heat losses at SSAB Strip Products Division in Luleå
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since then, but the proportions are  
approximately the same.

The first exergy study at SSAB 
was carried out in 1989. In that 
study energy and exergy balances 
were made up for the system coke 
plant – blast furnace plant – steel 
plant, continuous casting plant and 
the oxygen plant. The major part 
was carried out as an MSc study [5]. 
The diagrams in figure 7  show the 
total energy and exergy balance 
of the SSAB system. The diagrams 
show the flow divided into indi-
vidual energy carriers.

A somewhat more schematic 
description is given in figure 8 .  
Figure 8a  summarizes the total 
input and output of energy and 
exergy and figure 8b shows the 
energy efficiency of the individual 
plant units of the system.

A comparison of the energy 
and exergy diagrams shows 
that the exergy diagrams give a 
more detailed description of the 
losses. They are divided into two 
categories: Lost exergy which is 
the exergy which follows unused 
media flows out of the system. The 
energy in these flows should in 
principle be possible to recover, 
provided the exergy content is 
not too low. The destroyed ex-
ergy is the exergy that is lost in 
the processes. The energy content 
disappearing that way cannot be 
recovered according to the second 
law of thermodynamics. 

The energy and exergy content in 
the most important heat loss flows 
on the righthand side of figure 6  
is illustrated in figure 9 . The dia-
gram indicates that cooling water 
and quenching steam are virtually 
worthless from a recovery point 
of view, but that recovery should 
in principle be possible from flue 
gas and hot material. The values 
in figure 9  include data that are 
sums of a number of flows. A 
more detailed evaluation of the 
individual flows (not shown here) 
was made. Interesting potentials 
for energy recovery were indicated 
e. g. from cooling of slabs at the 

casters, and from flue cases at the 
blast furnace unit.

A specific study, which in more 
detail covered the coke oven and 
blast furnace plants, was carried 
out in 2006. The exergy and energy 
flows of those units are summa-
rized in figure 10 .  

A specific study on the exergy 
and waste flows in the steel plant 
is presently being carried out.

Exergy reasoning, mainly based 
on material from these studies 
was used as decision material 
and as a pedagogic tool for many 
years.   

Usefulness of exergy  
criteria
Exergy is a very useful criterion 

to illustrate the recovery of useful 
energy. However, exergy efficiency 
ought to be used with care and not 
as the only criterion. An interesting 
case is given in figure 5 , where 
exergy efficiency gives a ranking 
which is different to the one given 
if energy efficiency or costs are 
used as criterion.  The technical 
reason is that the exergy criterion 
gives a high value to wooden pel-
lets because of its high content of 
chemical exergy. On the other hand, 

7  
Total energy and exergy 
balance, January 1989 [5]
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energy efficiency evaluation gives a 
high value to district heating which 
transports a lot of energy with a 
low exergy value. The same occurs 
to the cost evaluation depending on 
current energy prices. There is no 
easy answer to the question which 
ranking is the correct one. It is influ-
enced e. g. by the actual use of the 
products. For example one possible 
use of fuel pellets is water-based 
heating in a housing system. In that 
case a large part of the exergy will 
be destroyed in the production of 
hot water. Less than 10 % will re-
main if the hot water temperature 
is assumed to be in the range of  
50 to 70 °C, see figure 2 . 

A similar discussion could be 
made on the residual energies 
of the steel plant, figure 9 . The 
most interesting sources seem to 
be hot slabs and hot slag with a 
high exergy value because of a high 
temperature. However, existing 
processes for recovery involve a 

conversion into hot water, which 
decreases the heat value. 

Both cases can also be described 
as a problem of choosing system 
boundary (use or conversion of ex-
ergy carriers not included). This 
will always be the case; it is not 
realistic to include the whole world 
in every calculation.

The general conclusion is that 
one single criterion like exergy is 
not always the answer to all ques-
tions, but that it is advantageous 
to base decision on a combination 
of methods.  

  
Data collection and  
forming of databases
Experience shows that data col-

lection is the major part of work in 
most process integration projects. 
This is true for all evaluation meth-
ods, e. g. pinch analysis and math-
ematical programming or exergy 
analysis. Independent of the origi-
nally planned method it could be 

wise to plan the data collection and 
database to suit all three methods. 
The need of data for different meth-
ods is comparatively similar so this 
would only need a limited effort. 

Recovery of energy
Figure 6  shows that a large part  

(37 %) of the input energy disap-
pears as losses. It would be interest-
ing to recover those flows into use-
ful energy. The main part is easily 
or could easily be made available as 
low or medium temperature flow. 
The simplest and most straightfor-
ward way would be to recover the 
energy as hot water, e. g. for district 
heating. Regrettably the local and 
regional market for that energy 
product is already over-saturated. 
I. e., that is not the solution. 

A meaningful and marketable 
solution would have to involve ac-
cumulation and/or conversion into a 
higher energy form preferably elec-
tric power. Technology for power 
generation from low value sources 
exists already and is established, e. g. 
ORC or Kalina turbines. In that case 
the exergy value of the individual 
flows represents the absolute maxi-
mum of that conversion.

According to figure 9 , an attrac-
tive source from an exergy point of 
view would be the cooling of hot 
material, in the Luleå case main-
ly slabs. There are technologies; 
however, they usually recover the 
energy in water streams, which 
reduces the exergy value and the 
potential power production to the 
range of 10 %, figure 2 , rather 
than the value indicated in figure 
9 . Methods to directly recover high 
temperature energy from cooling 
beds would be an interesting topic 
for research. An important chal-
lenge is to do this recovery without 
jeopardizing the logistics and main 
purpose of the cooling beds: to cool 
some million tons of steel. 

Snow cooling as an energy 
source?
The exergy value is not dependent 

on the absolute value of the tempera-

8  
Energy/exergy flow and 
efficiency of units, January 
1989 [5]

9

Energy and exergy in heat 
loss flows, 1989 [5]
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ture, but on a difference between the 
temperature of the studied media 
and the temperature of its surround-
ings.  I. e. the exergy value of hot 
media and consequently the effi-
ciency of converting residual energy 
into electrical power get lower if the 
outside temperature is higher. For 
the Luleå conditions this gives the 
lowest efficiency during the warm 
part of the year when the surplus 
of residual energy is at its highest 
(less use of district heating). One 
possibility could be to store snow 
and/or ice in winter and use it as 
the cold side of the system. This 
will increase the exergy value of 
the hot flow and thus the conver-
sion efficiency. The snow cooling as 
such has been extensively studied [7] 
and is presently being commercial-
ized. Preliminary studies at the Luleå 
system indicate a possible increase 
on power production if condenser 
cooling is improved that way.

User friendliness of  
exergy – optimal degree  
of sophistication?
The schematic diagrams in figures 

8  and 10  are relatively easy to un-
derstand. However, they do not show 
enough details for a full evaluation. 
On the other hand, the diagram in 
figure 7  shows the energy and ex-
ergy contents of all flows in the 
system. It is interesting for groups 
working with exergy but probably 
difficult to understand for a reader 
outside that group.  The complexity 
will increase, if it is further split up 
into production units. 

Efficiency diagrams, figure 8b, 
have a complexity somewhere in 
between. They have been used to 
some extent, but do not always 
seem to give enough details for 
full usability (compare discussion 
above). The main problem is not 
the complexity itself. Experience, 
e. g. from operator interfaces on 
process computers shows, that 
even theoretically complicated 
valuables are understood and 
discussed daily, if they are in 
common use. 

This also explains one of the 
major problems with exergy: It is 
not commonly used or understood 
by the public. Each use of exergy 
evaluation has to be preceded by an 
explanation: what is exergy. Public 
knowledge has to be increased to 
make it fully useable.

Increasing public knowl-
edge and use of exergy?
The knowledge of the exergy con-

cept is presently not very widely 
spread. People often talk about ener-
gy consumption when they actually 
refer to exergy use (energy cannot 
be consumed according to the first 
law of thermodynamics).  Confusion 
on the character of different types of 
energy can result in misunderstand-
ings in the public debate, which in 
turn can influence decisionmaking 
and regulation. This gives a clear 
risk of sub-optimization in the en-
ergy balance of our society. For this 
reason a more widely spread public 
understanding in this area would 
be a great advantage.

One method can be consistent 
inclusion of exergy reasoning (with 
definition and explanation) in many 
communications with authorities 
and decision-makers. Independent 
on the effect on the decision in 
question, it can have a long-term 
pedagogic effect: “Constant drop-
ping wears the stone”.

A possible bottleneck for more 
public use could be that the name 
exergy is experienced as too ab-

stract to be easily understood. (The 
authors have sometimes got com-
ments pointing in that direction). 
It might be interesting to find a less 
abstract name. One idea could be 
“free energy”. An advantage of that 
choice could be a consistent termi-
nology between sciences: “Gibbs 
free energy” is used for the cor-
responding entity, e. g. in chemical 
thermodynamics.

Conclusions
The following conclusions could 

be made:
–  Exergy describes the potentially 

useful part of the energy.
–  The use of exergy as a criterion 

has been described for a steel 
plant and two other process 
industries.

–  Exergy evaluation can make a 
useful contribution for decision-
making. It should, however, not 
be used alone but in combination 
with other methods.

–  Exergy evaluation often gives 
similar conclusions as energy 
analysis. In some cases there 
are differences in the results. 
Then the additional use of ex-
ergy analysis contributes to im-
proved understanding.

–  A major drawback in such cases 
is that the exergy concept is not 
publicly known. Improved dis-
semination with user-friendly 
nomenclature could be part of 
the solution.

carl-erik.grip@ltu.se

10  
Energy and exergy flows 
in coke and ironmaking, 
February 2005 [6]
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