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This short paper presents an extended summary of a project report that describes recent developments of an energy targeting framework for assessment of industrial excess heat based on a bottom-up perspective. The full report is part of the deliverables from a research project financed by the Swedish Energy Agency. For more details about the methodology and the assumptions and results of the case studies, the reader is referred to the full report (Morandin et al., 2018).
Introduction 
Industrial excess heat has been recognized as an important resource for meeting energy efficiency and climate goals. Even in countries like Sweden, where many industrial plants deliver excess heat to district heating systems and other external heat sinks, estimations indicate that there is a large potential for increased utilization of industrial excess heat (see e.g. Broberg Viklund et al., 2012).
Methods for estimation of excess heat potentials can be categorized according to their approach (top-down or bottom-up), scale, and data acquisition procedure (Brueckner et al., 2014). Furthermore, the objective of recovering heat from a process and exporting it to an external user competes with the objective of recovering heat within the process itself. The most accurate way to estimate the excess heat potential of a specific site would be to determine the amount of excess heat based on detailed process data for heating and cooling demands in the process, and distinguish between avoidable and unavoidable excess heat (see e.g. Bendig et al., 2013). On a regional or national scale, however, it would not be realistic to base estimations of excess heat potentials on detailed assessments of each individual plant. 
There is, consequently, a need for better tools to estimate the potential for increased excess heat utilization, and for evaluating the efficiency of current excess heat deliveries from a systems perspective. In this work, we propose an approach for estimating national targets for industrial excess heat recovery. The approach is applied to the Kraft pulping industry sector in Sweden, and a detailed analysis of data from six case studies is used to estimate a sector-wide potential using regression analysis. The Kraft pulping industry is an important sector from the Swedish perspective, where it accounts for about half of the industrial energy use.
Methodology
The excess heat temperature signature
In this work, excess heat availability is characterized according to discrete pre-defined temperature intervals. This results in a temperature profile referred to as the excess heat temperature signature curve (XHT signature), which is constructed by aggregating the available excess heat at specified temperature levels and temperature intervals. Two different XHT signatures are constructed:
· the Theoretical XHT signature, representing the unavoidable excess heat corresponding to the theoretical, maximum internal energy recovery of the process assuming a minimum temperature difference of 0 K for all heat exchange operations, and
· the Process Cooling XHT signature, representing the current availability of excess heat corresponding to the current cooling demand.
[bookmark: _Toc512339626]Targeting of power generation and excess heat in the studied Kraft mills
The characterisation of the excess heat based on detailed process data from six Kraft mills collected in previous studies was performed using the XHT signature as a tool. Due to the presence of high temperature excess heat from black liquor combustion in Kraft pulp mills, the XHT signature was characterized considering that a steam turbine system is in place and configured for maximum power generation. 
The combined production targets for power and heat depend on the useful heat available from biofuel combustion and on the amount of steam required by the process. In this work, these targets were estimated using a mathematical programming framework. In principle, however, the steps required can be illustrated graphically, and can be listed as follows:
1) Characterization of available high-temperature heat from black liquor combustion in the recovery boiler (red line in Figure 1)
2) Description of net process heating and cooling demands for the rest of the pulp mill processes
When considering the theoretical case, this step corresponds to construction of the process GCC assuming a minimum temperature difference for heat exchange of zero degrees (blue line in Figure 1). For construction of the Process Cooling XHT signature, the current utility requirements of the process should be considered instead. In this case, the GCC is replaced by a representation of the actual heating and cooling demands of the process at different temperatures.

[image: ]
[bookmark: _Ref512339476]Figure 1. Background/foreground analysis using split GCCs of the heat from black liquor combustion in the recovery boiler and the rest of the pulp mill processes
3) Background/Foreground analysis using split GCCs for black liquor combustion heat and net process heating demand (Figure 1)
This analysis shows if the heat content from the combustion of black liquor is sufficient to cover the heating demand of the process. When the split GCCs show that there is more heat available from the black liquor than what is required by the pulping process, this means that there is a potential for power generation in an integrated steam cycle without the use of additional fuel. This is the case for the example shown in Figure 1.
4) Integration of a steam turbine cycle between the black liquor combustion heat from the recovery boiler and the net process heating demand (Figure 2)
The integration of a steam turbine cycle is illustrated in another background/foreground graph using split GCCs. In this case, the pulp mill process and the black liquor combustion heat from the recovery boiler is combined into one GCC that forms the background. The steam cycle is represented as another GCC in the foreground.
The highest level of fuel utilization can be obtained with a back-pressure turbine where the low-pressure steam is sufficient to cover the process steam demand. In practice, such perfect steam balance seldom occurs and either steam is available in excess, which opens the opportunity for a condensing turbine stage, or steam is directly reduced to lower pressure by-passing the turbine.



[bookmark: _Ref512339511]Figure 2. Integration of a steam turbine cycle with the pulp mill process using heat from black liquor combustion. LEFT: Back-pressure turbine operation only. RIGHT: Back-pressure and condensing turbine operation

For the example shown in Figure 2, steam is available in excess. The figure to the left illustrates the case of pure back-pressure turbine operation, which leads to an excess of low-pressure steam that could be delivered as excess heat to an external user. The figure to the right illustrates the case where a condensing turbine is also added to the system. This way, the excess of steam is utilized for additional power generation. Note that this system design does not only limit the amount of excess heat available as steam from the steam turbine cycle, but also reduces the amount of excess heat available from the pulp mill process, since this heat is used for heating the condensate from the turbine condenser up to feedwater temperature. 
5) Characterization of the XHT signature based on the process with the integrated steam cycle (Figure 3)
In the final step, the characterization of available excess heat is made against the GCC representing the net heating and cooling demands of the total integrated processes of the pulp mill, the recovery boiler (and if necessary any complementary boilers) and the steam cycle. The XHT signature is fitted against this GCC to optimize the excess heat recovered at different temperature levels according an objective function where heat at higher temperature levels are valued higher than heat at lower temperatures. Figure 3 shows the estimated XHT signatures for the example mill, assuming back-pressure turbine only (above), or assuming the presence of an additional condensing stage (below).

[bookmark: _Ref512339549]Figure 3. Estimated XHT Signatures based on the net cooling demand represented by the GCC of the integrated pulp mill process, recovery boiler and steam cycle. ABOVE: Back-pressure turbine only. BELOW: Back-pressure and condensing turbine stage.  
To complete the steps 1–5, a linear programming model of a steam network with multiple steam headers was developed, which allowed for automated integration of steam cycles with maximized power generation, and generation of the XHT signature. With the use of the mathematical model, Steps 4 and 5 were, in fact, completed simultaneously, by solving a linear programming problem following the combined objective of maximum power generation and maximum excess heat export. In practice, a single objective function was considered that consists in a linear combination of power generation and excess heat amounts at different temperature levels, where the weighting factor for power generation is assumed to be very large compared to the coefficients for excess heat.
Estimation of excess heat availability from the entire Swedish Kraft mill sector
An attempt was made in this work to estimate the power generation targets and excess heat availability from the whole Swedish Kraft mill park based on the data that were obtained from the six case studies and the general data available from Swedish mill statistics (Skogsindustrierna, 2003-2015). To accomplish this, regression functions based on publicly reported pulp and paper production rates were used to predict the power production targets as well the availability of excess heat from the entire Swedish Kraft mill park. This study assumed that heat is primarily used for district heating applications, which is compatible with excess heat temperature levels above 60°C.
Selected results
The estimates from the proposed approach show that there is a large potential for increasing the excess heat utilization from the Swedish pulp and paper mills (see Figure 4). In particular, the theoretical target is about twice as much as the heat sold in 2015. The target estimated based on the current Process Cooling XHT signature, which represents the maximum amount of excess heat that can be exported from the mills at their current degree of internal heat recovery, is about three times larger than the sold heat in 2015. 
[image: ]Target – theoretical (GWh/y)
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[bookmark: _Ref512422018]Figure 4. Availability of excess heat above 60°C from Swedish Kraft mills estimated based on 2015 data and declared data about sold heat for the same year. Circle diameters proportional to heat deliveries in GWh/y.
The analysis also indicates that the reported electricity generation in the mills is close to the target corresponding to theoretical maximum internal process heat recovery. However, a potential for increasing the power production by 20 to 30% is apparent when considering current heat recovery levels in the mills, in which bark is used as a fuel for extra steam production above the theoretical minimum requirement.
Conclusions
An approach for estimating national targets for industrial excess heat recovery based on detailed bottom-up analysis of data from case studies followed by regression analysis has been proposed and applied to the Kraft pulping industry in Sweden. According to the resulting estimates, there is a large potential for increasing the excess heat utilization from the Swedish pulp and paper mills. The suggested methodology provides a more detailed picture of industrial excess heat availability in the Swedish pulp and paper industry and could be applied to other sectors and regions.
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