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In this study a mechanical pulp and paper mill is analysed using advanced composite curves. It is a graphical pinch-based approach that takes into account the existing heat exchanger network and the utilities actually used at the mill. The possibilities of making a cost-effective heat exchanger retrofit in an operating mechanical pulp and paper mill are discussed. The study also shows that the advanced composite curves can be used to describe the amount of nonisothermal mixing taking place in the process.

Introduction

In a world of rising energy prices and tighter limits on carbon dioxide (CO 2 ) emissions, it is becoming more and more important to consider energy efficiency in industry. Many retrofit projects have been carried out in recent years, but there is still a large potential to reduce primary energy consumption. One important aspect is the possible use of available secondary heat sources.

Pinch-based process integration methods are used in this paper. Pinch analysis [START_REF] Linnhoff | A user guide on process integration for the efficient use of energy[END_REF][START_REF] Linnhoff | A user guide on process integration for the efficient use of energy[END_REF][START_REF] Kemp | Pinch Analysis and Process Integration: A User Guide on Process Integration for the Efficient Use of Energy[END_REF] is a well-known and widely used process integration method. The idea is to convert information on all the heating and cooling needs of the process into targets for hot and cold utility consumption. Originally, pinch analysis was used to find targets for hot and cold utilities in greenfield cases, but several methodologies for retrofit situations have been developed, e. g. [START_REF] Tjoe | Pinch technology retrofit: setting targets for an existing plant[END_REF][START_REF] Asante | An automated approach for heat exchanger network retrofit featuring minimal topology modifications[END_REF][START_REF] Asante | An automated and interactive approach for heat exchanger network retrofit[END_REF][START_REF] Varbanov | Rules for paths construction for HENs debottlenecking[END_REF].

The use of advanced composite curves is a fairly new method developed at Chalmers University of Technology by Nordman and Berntsson [START_REF] Nordman | Use of advanced composite curves for assessing cost-effective HEN retrofit 1: Theory and concepts[END_REF] based on earlier work by Nordman and Berntsson [START_REF] Nordman | New Pinch Technology Based HEN Analysis Methodologies for Cost-Efficient Retrofitting[END_REF] and Wallin [START_REF] Wallin | Process Integration of Industrial Heat Pumps in Grass-root and Retrofit Situations[END_REF]. It is a graphical pinch-based approach that takes into account the existing heat exchanger network and the utilities actually used at the mill. With this information, it is possible to predict the retrofit-related costs of a certain part of the heat exchanger network. The method also reveals the possibilities to integrate heat pumps into the system when considering different amounts of heat exchanger network retrofit. The method has been tested previously in two case studies concerning chemical pulping [START_REF] Nordman | Use of advanced composite curves for assessing cost-effective HEN retrofit 1: Case studies[END_REF].

Advanced composite curves have not previously been used to analyse a mechanical pulp and paper mill, where the temperature levels differ significantly from chemical pulping.

In this study, the possibilities of making a cost-effective heat exchanger retrofit in an operating mechanical pulp and paper mill are discussed. The study also shows that the advanced composite curves can be used to describe the amount of nonisothermal mixing taking place in the process. Two cases are presented to illustrate this phenomenon.

Methodology

Advanced composite curves [START_REF] Nordman | Use of advanced composite curves for assessing cost-effective HEN retrofit 1: Theory and concepts[END_REF] are a pinch-based method developed especially for retrofit situations. The advanced curves take into account the existing heat exchanger network at the mill. Therefore, it is possible to estimate with good precision how costly it will be to improve the heat exchanger network.

There are four curves above the pinch and four curves below. The curves above are:

• The Hot Utility Curve (HUC), which shows the hot utilities currently used at the mill.

• The Actual Heat Load Curve (AHLC), which shows what the hot utilities are used for.

• The Extreme Heat Load Curve (EHLC), which shows how the hot utilities would be used if the current amount of hot utilities was used to heat streams at temperature levels as high as possible. This would be the solution that traditional pinch gives using a ∆T min that corresponds to the current amount of hot utilities being used.

• The Theoretical Heat Load Curve (THLC), which shows the thermodynamic possibilities to use the hot utilities to heat streams at temperature levels as low as possible, when a minimum temperature difference for the heat exchangers (∆T min, HX ) is used. The minimum temperature difference for the heat exchangers should be as small as the smallest reasonable value for a new heat exchanger. A temperature difference of 5 K is usually used.

The corresponding curves below the pinch are:

• The Cold Utility Curve (CUC)

• The Actual Cooling Load Curve (ACLC)

• The Extreme Cooling Load Curve (ECLC)

• The Theoretical Cooling Load Curve (TCLC) EHLC and THLC show the limits for possible heat exchange temperature levels in the heat exchanger network. Therefore AHLC should always be between them. If AHLC is close to THLC, it means that the design is originally poor, the heaters are located at low-temperature levels, and thus more heat exchanger area is installed than would be necessary. In a retrofit case this installed available area might be useful when located somewhere else, and replacing heaters situated at low temperature levels usually requires a smaller number of matches to be changed. Therefore AHLC lying close to THLC is an indication of a relatively cost-effective retrofit and AHLC lying close to EHLC is an indication of a relatively expensive retrofit. A more comprehensive description of the method can be found in Reference [START_REF] Nordman | Use of advanced composite curves for assessing cost-effective HEN retrofit 1: Theory and concepts[END_REF].

The ProPi ® software package [12] is used in the pinch analysis. ProPi ® was developed by Chalmers Industry Energy Analysis, Sweden. It includes composite curves and grand composite curves, and calculates utility targets. A simulation model of the mill has been constructed using the Balas ® [13] simulation software. The simulation model provides the data for the pinch analysis and is used to examine the mill-wide effects of the proposed changes on the heat exchanger network.

Description of the case

The mill

The considered mill produces mechanical publication papers on three paper machines and one coating machine. The products are supercalendered paper and medium-weight coated paper. In addition to the paper machines, the mill has a debarking plant, four mechanical pulp lines, a bleaching plant, a water supply plant, a wastewater treatment plant, maintenance facilities and material and product storages. On the mill site there is a hydropower plant and a combined heat and power (CHP) plant. Of the pulp lines, two are ground-wood pulp (GW) and two are pressurized ground-wood pulp (PGW). A simplified flow sheet of the mill is shown in Figure 1.

The simulation model

The required data has been gathered from the mill. The simulation model has been simplified by using only two components, water and wood, and chemical reactions have been considered only as a source or sink of heat. The model presents the paper machines and grinderies in detail and the steam production and water treatment in a more simplified manner.

The year has been divided into summer and winter periods. The temperatures of the inlet air and water are different for these two periods, but the operation of the mill remains unchanged.

The existing heat exchanger network

The grid of the original heat exchanger network is presented in Figure 2 As shown in Figure 2, one of the hot streams (hot stream 5) is splitted in three and different amounts of heat is recovered from each branch. Afterwards, these three streams, now on different temperature levels, are mixed in the same pipe line. Therefore part of the quality of the heat content in the hottest stream is lost. The mixed stream is further splitted in three branches, of which two are cooled using river water coolers and one is used to recover heat. Afterwards, the three streams are mixed again, causing the second nonisothermal mixing in the process.

A pinch analysis of the mill has been carried out in Reference [START_REF] Ruohonen | Analysis of alternative secondary heat uses to improve energy efficiency -Case: a Finnish mechanical pulp and paper mill[END_REF]. The results show energy efficiency improvement of 7.9 MW steam and 21.6 MW of external cooling in winter. The respective results for summer are 4.4 MW steam and 25.4 MW cooling.

The restrictions and assumptions of the analysis

The paper machine heat recovery has been treated as a hot utility because there is no need to cool the air down. Whenever there is a surplus of heat, the air is simply exhausted into the environment. This is, of course, a more cost effective way to get rid of surplus heat than using cooling towers that consume electricity.

In the model, a relative humidity of 100 % for outlet air is assumed after each heat exchanger, and heat capacity flows are treated as constants inside each step. This can cause inaccuracies in the results with regard to paper machine heat recovery as the heat exchange is strongly non-linear in reality [START_REF] Sivill | Thermodynamic of dryer section heat recovery in paper machines[END_REF].

Results and discussion

Two cases are presented in this paper. The first case focuses on the mill's water systems and is shown to demonstrate the use of the advanced composite curves on a PGW mill.

The second case, including more streams, shows that the advanced composite curves can be used to investigate the amount of nonisothermal mixing occurring in the system.

Case 1: The mill's water systems

This part of the study focuses on the water systems of the mill. The heat recovery of the paper machines is assumed to remain on the present level. The steam needed in the drying sections is not included in the analysis. The data used in this study differs slightly from the analysis in Reference [START_REF] Ruohonen | Analysis of alternative secondary heat uses to improve energy efficiency -Case: a Finnish mechanical pulp and paper mill[END_REF] as the waste water treatment is arranged differently.

The study is divided into two periods: winter and summer.

Winter

The stream data of the winter situation is shown in Table 1. The analysis covers all the steams shown in Figure 2, except the heat recovery of the paper machines. The numbering of the streams is the same as in Figure 2. The composite curves and grand composite curve of the process are shown in Figures 3 and4. The ∆T min is 10 K.

The analysis gives a minimum hot utility demand of 2.4 MW and minimum cold utility demand of 16.9 MW. The current steam consumption, 7.1 MW, corresponds to a ∆T min of 18 K. Therefore, this value is chosen when constructing the THLC. The ∆T min, HX of cold utility targets between ∆T min values of 5 and 10 K. The advanced composite curves on the hot side, HUC, EHLC, AHLC and THLC, are shown in Fig. 5.

Figure 5 shows that AHLC is relatively close to EHLC for the first 4.7 MW, and for the remaining 2.4 MW the curves are identical. For the last 2.4 MW the curves are also identical to the THLC. This predicts a relatively costly retrofit for the first 4.7 MW and no possibilities for the remaining 2.4 MW. A detailed analysis of the process shows that the savings of 4.7 MW are possible by investing in three new heat exchangers and piping. The remaining 2.4 MW would require water-air heat exchangers with ∆T min below 5 K. As Figure 5 suggests, this is not a valid option.

Figure 6 shows the respective curves on the cold side: TCLC, ACLC, ECLC and CUC.

Figure 6 shows that when using the paper machine heat recovery as before, there is still a large cooling demand after the heat exchanger network retrofit. Currently, as the CUC shows, the heat is discharged into the river at temperature levels between 10 and 40 °C.

Theoretically, the heat could be taken from the process at temperature levels between 65 and 80 °C. This could lead to an opportunity to use this heat for heat pumping. These possibilities are shown in Figure 7 presenting the THLC and TCLC.

Figure 7 shows that the remaining hot utility demand is much smaller than the remaining cold utility demand. This suggests that heat transformers might be a feasible option to utilize this heat.

The improved heat exchanger network that satisfies the saving target of 4.7 MW is shown in Figure 8.

Summer

The stream data for summer is shown in Table 2. The analysis covers the same streams as the winter analysis, except there is not need to heat the ventilation fluid (cold stream 9). The cooling needs of the hot stream (hot stream 5) are then covered by using more river water. The numbering of the streams is the same as in Figure 2. As expected, in summer time the hot utility consumption decreases and cold utility consumption increases. The main reasons for this are the incoming temperatures of water and air, of which water has a much stronger influence. The summer time advanced composite curves on the hot side, HUC, EHLC, AHLC and THLC, are shown in Fig. 9.

Figure 10 shows the respective curves on the cold side: TCLC, ACLC, ECLC and CUC From Figure 10 it can be seen that the ECLC and ACLC are almost identical for a while. This is due to a nonisothermal mixing occurring at the grinderies when a stream is split, cooled down with different loads, and then mixed. To demonstrate this phenomenon in a clearer way, another analysis has been made using more streams in the analysis.

Case 2: The mill and its surroundings

In addition to the data shown in the previous analysis, the steam used in the drying sections and in the supercalander has been included. Paper machine heat recovery is treated as a utility. The study also takes into account the district heating requirements of the nearby village. The study is divided into two periods: winter and summer.

Winter

The data used in the analysis is shown in Table 3. Three streams (H4, C4 and C13) have been left out of the analysis because of changes in the waste water treatment. Three new cold stream have been included; C15 representing district heating, C16 representing steam needed at the drying section, and C17 representing steam used at the super calander. The numbering of streams H5 to H9 and C1 to C14 is the same as in Figure2.

The grand composite curve of the process is shown in Figure 11. The curve shows a very low pinch point and a zero demand for cold utility.

The advanced composite curves on the hot side, HUC, EHLC, AHLC and THLC, are shown in Fig. 12.

The process itself requires the same 2.4 MW hot utility as in the previous analysis. The rest of the minimum hot utility consumption comes from the steam uses and district heating, both of which must be covered by steam.

Figure 13 shows the respective curves on the cold side: TCLC, ACLC, ECLC and CUC.

The identical part of ACLC and ECLC has changed into an actual crossing of the curves. This is due to the increased proportion of mixing caused by the added streams.

Theoretically, there is no cooling need so the TCLC becomes a straight line.

Summer

The differences between winter and summer are similar as in the previous case. The data used in the analysis is shown in Table 4. The streams are the same as in the winter case, except the ventilation fluid (cold stream 9), which does not need heat during to summer time. The advanced composite curves on the hot side are shown in Figure 14 and on the cold side in Figure 15.

The crossing of ACLC and ECLC, already shown in the winter case, is emphasized in summer time. This shows that the advanced composite curves can be used to investigate the amount of mixing occurring in the system.

Conclusions

A mechanical pulp and paper mill has been analysed using advanced composite curves.

The two cases presented show that the advanced composite curves can be used to investigate the amount of nonisothermal mixing occurring in the system. This means that the curves give more information than previously reported in the literature. The consequences of this observation require further studies.

The analysis of the water system, which is comparable to previous studies, shows that the advanced composite curves give a lot more information on the studied system than traditional pinch-based methods. The real temperature levels shown in the curves give guidance to the engineer as to where to look for improvement potential.

In this study, the relatively cost-effective part of the improvement potential was identified and the amount given by the analysis can be seen as technically feasible.

The advanced composite curves have so far been used only in the pulp and paper industry. There are also numerous other branches of energy-intensive industry where promising results would be expected, e.g. steel, metallurgy, chemical and food industries. 

  . The temperature levels and amounts of transferred heat represent winter data. The conventional notation of pinch analysis has been used. The upper streams from left to right are hot streams that need to be cooled, and the lower streams from right to left are cold streams that need to be heated. Inlet and outlet temperatures are presented for each stream. The unbroken lines represent water and the dotted lines air. The hot streams have been numbered H 1 to 9 and the cold streams C 1 to 14. The first three hot streams (hot streams 1-3) represent humid air from the drying sections of the paper machines. The next five streams (hot streams 4-8) are all filtrates in the grinderies. The last hot stream (hot stream 9) represents the cooling needs of all three paper machines. All heating demands are in the paper machines. The first three cold streams (cold streams 1-3) are paper machine inlet air, the next five (cold streams 4-8) are chemically treated process water, the next stream (cold stream 9) is a fluid used in grindery ventilation, and the last five (cold streams 10-14) are circulating waters used in the paper machines. Cold utilities are covered by river water coolers and hot utilities by steam from the power plant.
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 1 Figure 1: Main material and energy flows in the mill and between the mill and the power plant.
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 2 Figure 2. The original heat exchanger network. Case1. Winter data.
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 3 Figure 3. Composite curves of the process with ∆T min 10 K. Case 1. Winter data.
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 4 Figure 4. Grand composite curve of the process with ∆T min 10 K. Case 1. Winter data.
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 5 Figure 5. Hot utility curve (HUC), Extreme heat load curve (EHLC), Actual heat load curve (AHLC) and Theoretical heat load curve (THLC). Case 1. Winter data.
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 6 Figure 6. Theoretical cooling load curve (TCLC), Actual cooling load curve (ACLC), Extreme cooling load curve (ECLC) and Cold utility curve (CUC). Case 1. Winter data.
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 7 Figure 7. THLC and TCLC. Case 1. Winter data.
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 8 Figure 8. The improved heat exchanger network. Case 1. Winter data.
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 9 Figure 9. Hot utility curve (HUC), Extreme heat load curve (EHLC), Actual heat load curve (AHLC) and Theoretical heat load curve (THLC). Case 1. Summer data.
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 10 Figure 10. Theoretical cooling load curve (TCLC), Actual cooling load curve (ACLC), Extreme cooling load curve (ECLC) and Cold utility curve (CUC). Case 1. Summer data.
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 11 Figure 11. Grand composite curve. Case 2. Winter data.
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 12 Figure 12. Hot utility curve (HUC), Extreme heat load curve (EHLC), Actual heat load curve (AHLC) and Theoretical heat load curve (THLC). Case 2. Winter data.
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 13 Figure 13. Theoretical cooling load curve (TCLC), Actual cooling load curve (ACLC), Extreme cooling load curve (ECLC) and Cold utility curve (CUC). Case 2. Winter data.
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 14 Figure 14. Hot utility curve (HUC), Extreme heat load curve (EHLC), Actual heat load curve (AHLC) and Theoretical heat load curve (THLC). Case 2. Summer data.

Figure

  Figure 15. Theoretical cooling load curve (TCLC), Actual cooling load curve (ACLC), Extreme cooling load curve (ECLC) and Cold utility curve (CUC). Case 2. Summer data.

  [START_REF] Sivill | Thermodynamic of dryer section heat recovery in paper machines[END_REF]. Theoretical cooling load curve (TCLC), Actual cooling load curve (ACLC), Extreme cooling load curve (ECLC) and Cold utility curve (CUC). Case 2. Summer data.
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