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The pulp and paper industry has a high potential to contribute to negative emissions through carbon capture and storage (CCS) applied to existing processes. However, there is a need to investigate how CCS solutions also can be combined with implementation of other emerging technologies in pulp and paper mills. This paper investigates the integration of a novel calcination process in two kraft mills and evaluates its potential combination with capture and storage of CO2 from the calcination plant. The alternative calcination process uses electric gas-plasma technology combined with steam slaking and allows replacing the conventional fuel-driven lime kilns with a process driven by electricity. The novel calcination process generates a pure, biogenic, CO2 stream, which provides an opportunity to achieve negative emissions at relatively lower costs. The potential reduction of greenhouse gas emissions when replacing the lime kiln with the plasma calcination concept depends strongly on the emissions intensity of grid electricity, and on whether fossil fuel or biomass was used as a fuel in the lime kiln. If fossil fuel is replaced and electricity is associated with very low emissions, avoided CO2 emissions reach ~50 kt/a for the smaller mill investigated in the paper (ca 400 kt pulp per year) and almost 100 kt/a for the larger mill (ca 700 kt pulp per year). Further emission reductions could then be achieved through CCS from the electrified calcination process, with capture potentials for the two mills of 95 and 164 kt/a, respectively, and capture and storage costs estimated to 36–60 EUR/tCO2.
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INTRODUCTION

The pulp and paper industry undoubtedly has an important role to play in the industrial transition toward net zero emissions. With its renewable feedstock base and energy supply relying mainly on biomass, it is not considered as a hard-to-abate industrial sector. However, it is likely to be challenged in the future by increasing competition for these renewable, fossil-free resources (Material Economics., 2020). On the other hand, resource efficiency improvements and integration of new technologies and biomass conversion processes in pulp and paper mills present promising opportunities to extend their product portfolio to provide more biobased materials to other sectors where they can replace fossil alternatives. Furthermore, the pulp and paper industry, with its existing significant sources of biogenic CO2, has a high potential to contribute to negative emissions through carbon capture and storage (CCS). The potential for bio-energy carbon capture and storage (BECCS) in the pulp and paper industry has been estimated to 60 MtCO2 per year in Europe (Jönsson and Berntsson, 2012) and 20 MtCO2 per year in Sweden (Hansson et al., 2017; Rootzén et al., 2018). Kuparinen et al. (2019) estimate the global technical potential to capture CO2 from sulfate pulp mills to be 135 MtCO2/a.

For the pulp and paper industry to respond to the challenges and opportunities of expected and potential changes in resource and energy markets, it is crucial to explore all options available, including valorization of various biomass side streams, electrification of core process units, as well as different carbon capture utilization and storage (CCUS) solutions. Consequently, it is also important to consider the interplay between different technology pathways, e.g., how electrification of certain process units may affect the opportunities for carbon capture from the whole plant site.

Examples of new pathways for the pulp and paper industry that have received interest in recent literature include different options for valorizing black liquor (Akbari et al., 2018), including a dedicated development toward biofuel production (Jafri et al., 2020), as well as a move toward biorefining in general (de Blasio, 2019).

With regards to CCS, there are several studies which have investigated its potential in the pulp and paper industry. Hektor and Berntsson (2007) showed that thermal process integration with the pulping process and utility system could significantly reduce external fuel supply and thereby the cost for amine-based post-combustion capture from a recovery boiler. In a follow-up study (Hektor and Berntsson, 2009), the same authors then compared different heat supply options and compared the avoidance cost for post-combustion between a market pulp mill and an integrated pulp and paper mill. McGrail et al. (2012) instead considered carbon capture for a new biomass power island, which was designed for sufficient capacity to cover the mill's steam demand and run the capture process, but also with the flexibility to suspend the capture during unfavorable market conditions and then use excess heat for increased power generation. While it is clear that mills with a steam surplus available to drive the capture process have an advantage in terms of capture costs, such a steam surplus has many alternative uses, which compete with carbon capture. Jönsson et al. (2013) compared CCS to other options for utilizing a steam surplus in a pulp mill, and showed that generally, the best economic performance is achieved for different biomass export and valorization options, while CCS results in the higher CO2 emissions reduction. More recent studies of carbon capture in pulp and paper mills include the work of Onarheim et al. (2017a,b), who presented a comprehensive assessment of different configurations for amine-based post combustion capture of CO2 from the flue gases of the recovery boiler, the power boiler and the lime kiln in both a market pulp mill and an integrated pulp and board mill. The technical potential for negative emissions, and the effects on steam, fuel and electricity balances were evaluated (Onarheim et al., 2017b) as well as the techno-economic performance (Onarheim et al., 2017a). They showed that in order to reach the same pulp production cost as for a mill without CO2 capture, a negative CO2 emission credit of 60–80 €/t CO2 will be required. Further advancements of the process configuration for post-combustion capture from mill flue gases were investigated by Nwaoha and Tontiwachwuthikul (2019). All of the studies assumed capture plants to be retrofitted to current processes of pulp and paper mills, considering post-combustion capture from flue gases of conventional technology (recovery boiler, power boiler and lime kiln), and not considering the potential development of technology driven by biorefining and electrification strategies.

Only a few studies have investigated the potential of carbon capture from or in combination with emerging processes in the pulp and paper industry. These include the study by Möllersten et al. (2003)—one of the earliest studies on CCS in the pulp and paper industry—in which the potential for CO2 reduction in Swedish pulp and paper industry was investigated. Among various technology options considered, one alternative was the black liquor gasification (as a potential alternative to the still completely dominating recovery boiler technology) with pre-combustion CO2 capture and storage. In another paper, CCS was investigated in combination with biomass-based heat and power production technologies that could replace the conventional power boiler systems. It was found that the higher CO2 avoidance is achieved when capture is integrated with a biomass gasifier and water gas shift reaction. Preliminary cost assessments were also reported (Möllersten et al., 2006). A very recent example combining CCS with novel technology is the study by Santos et al. (2021), in which a completely new process concept based on calcium looping was proposed and evaluated. None of the aforementioned studies focus on the combination of electrification and carbon capture.

In this paper, we investigate the combination of electrification and CCS in the calcination process of pulp and paper mills. The calcination process is a core step in the recovery of cooking chemicals in the pulp mill. And even if the recovery boiler is the major emitter of carbon dioxide in a chemical pulp mill, the conventional calcination process (the lime kiln) is also one of the main emission sources in the mill, typically responsible for around 10% of total mill emissions, see e.g., Onarheim et al. (2017b) and Kuparinen et al. (2019). Furthermore, emissions from the calcination process include CO2 generated both from the chemical reaction (i.e., process related emissions, where the carbon originates from the biogenic wood raw material) and from the combustion of fuels in the lime kiln, which leads to higher concentrations (around 20%) compared to normal flue gases such as those from the recovery and power boilers at the mill (Onarheim et al., 2017b). The higher concentration creates opportunities for more cost-efficient capture.

The fuels used in lime kilns are still mainly fossil fuels such as fuel oil and natural gas, which makes the lime kiln one of the last remaining sources of fossil emissions from many mills. However, renewable fuels, mainly originating from side streams of the forestry and pulping industry are receiving increasing attention, and a wide range of different biomass fuels are being used in mills today (Kuparinen and Vakkilainen, 2017).

An alternative calcination process using electric gas-plasma technology and steam slaking has been proposed, and a feasibility study has been reported with a proposal for testing the technology in pilot scale (Lundqvist, 2017). The new technology could provide several benefits compared to the conventional calcination process, including reduced emissions, faster reaction times, and smaller equipment size. The electrification of the process is also expected to be more economically viable as the cost for low-carbon electricity is projected to fall (IEA NEA., 2020) while costs associated with fossil fuels and competition for renewable fuels are expected to rise. The replacement of fuel usage in a lime kiln, with electricity in a new plasma driven process either leads to a direct reduction of fossil fuel use and associated emissions at the mill, or to avoided use of biomass that instead can be used to replace fossil fuel or feedstock in other industries or sectors. While the formation of process-related biogenic CO2 cannot be avoided, the novel calcination process generates a pure CO2 stream, which consequently provides an opportunity to achieve negative emissions at relatively lower costs. However, no previous study has investigated how the integration of this electric calcination concept in a pulp or paper mill affects the overall energy balances and emissions of such plants.

This paper aims to investigate the impact of integrating electric plasma calcination with steam slaking into existing pulp and paper mills. Using a case study-based approach, the effects on heat integration potentials, on-site electricity generation and on- and off-site CO2 emissions were investigated along with an economic assessment comparing the conventional calcination concept with the new calcination technology. Furthermore, the potential for achieving negative emissions by capturing the CO2 from the calcination process was estimated. This CCS option was also evaluated in terms of indicative costs.



BACKGROUND ABOUT KRAFT PULPING AND ITS CALCINATION PROCESS


The Kraft Pulping Process

The dominating chemical pulping process is the kraft process. In this process, a water-based solution with sodium hydroxide and sodium sulfide (called white liquor) is used to dissolve and remove the lignin from the cellulose fibers in the wood. After the cooking process, the cellulose fibers are removed from the lignin-containing solution (called black liquor) for further refining through bleaching and drying, while the cooking chemicals in the black liquor are to be recovered in the recovery boiler and the causticizing plant. In the causticizing plant, calcium oxide (CaO) is needed which in turn is recovered in the calcination process. Figure 1 shows how these processes are connected.


[image: Figure 1]
FIGURE 1. Overview of the chemical recovery cycle in the Kraft pulping process.


The black liquor mainly consists of water, various organic compounds from the wood, and inorganic compounds originating from the cooking chemicals. After the cooking plant, the black liquor is concentrated in a multi-stage evaporator plant before being sent to the recovery boiler, where the organic components are combusted to produce high pressure steam, while the inorganic components end up as a smelt. This smelt from the bottom of the recovery boiler is dissolved in weak white liquor to form so called green liquor. The green liquor is then transported to the causticizing plant. The high-pressure steam from the recovery boiler is used in a combined heat and power generation system to cover the heat demands of the various processes in the mill. However, the steam production in the recovery boiler is determined by the chemical recovery load, and it is not available to manage the steam balances of the mill. Consequently, an additional power boiler (bark boiler) is used for extra steam production when needed.

The causticization plant is used to recovery cooking chemicals, or more specifically, sodium hydroxide (NaOH) from the green liquor. In this process, lime is used. Burnt lime, calcium oxide (CaO), is mixed with water to form slaked lime, calcium hydroxide (Ca(OH)2):

[image: image]

In the causticization process, the slaked lime then reacts with carbonate ions from the green liquor forming calcium carbonate and sodium hydroxide:

[image: image]

The calcium carbonate precipitates, while the remaining solution is the white liquor, which contains the regenerated cooking chemicals. After washing, the precipitated calcium carbonate (lime mud) needs to be regenerated to calcium oxide in a calcination step:

[image: image]

The carbon dioxide formed in the reaction is of biogenic origin, since the carbon in the carbonate ions originates from organic content in the black liquor, and thereby from the wood raw material.

The conventional technology used for the calcination process in pulp and paper mills is the rotary lime kiln. The lime kiln is heated up to 1,200°C by combustion of fossil fuels or biomass, thus adding combustion emissions to the unavoidable process-related emissions.



The Electric Plasma Calcination Concept

Electric plasma calcination has been proposed as an alternative technology for reburning of lime in the pulp and paper industry that could replace the conventional lime kiln (LimeArc Process AB., 2021). Plasma arc furnaces open for new possibilities to electrify high-temperature and high-volume processes that are otherwise difficult to electrify (Beyond Zero Emissions, 2018). Electric plasma technology is used in the metallurgical industry for melting, remelting and refining of metals and alloys. Plasma technology has also been investigated for calcination of limestone in the cement industry as a measure for emissions reduction (Wilhelmsson et al., 2018). However, so far, little attention has been given to electric plasma calcination of lime as a potential technology for the pulp and paper industry. Although a novel technology, it has been tested in different scales since 2004 (Lundqvist, 2008).

The following description of the technology is based on reports from various research and pre-study projects, primarily (Bjotveit et al., 2003; Lundqvist, 2008). The electric plasma technology uses an electric arc furnace with a plasma generator and a calcination reactor where the reburning of lime takes place. The electric arc furnace has an electric current that flows between two electrodes, forming an electric arc. The carbon dioxide is heated to around 4,000°C when it gets in contact with the electric current, is partly ionized, and leaves the furnace as a gas-plasma mixture. When leaving the arc, the ionized atoms start to deionized and return to normal gas phase. The reforming of carbon dioxide releases large quantities of energy which is used to drive the calcium carbonate reaction in the calcination reactor. The process occurs at 950°C, and the calcination reaction time is expected to be significantly reduced compared to the conventional calcination process.

It is advantageous to combine electric plasma calcination with steam slaking of the lime, which is an exothermic reaction. In the conventional process, the burnt lime is mixed directly with the water-containing green liquor at temperatures low enough to prevent boiling in the causticizing vessel. Thus, the heat of the exothermic hydration (slaking) reaction is recovered at low temperatures and cannot be used further on site. With steam slaking, steam or wet air is used in the lime slaking process together with the hot lime from the calcination generator. This means that the reaction heat can be recovered at higher temperatures, which enables production of high-quality steam for further use within the process. For example, the recovered heat can be used to dry the lime mud before it is fed to the electric plasma calcination reactor, thereby lowering the energy use of the reactor.

A detailed process schematic of the electric plasma calcination with steam slaking has been suggested by Bjotveit et al. (2003). This process configuration is illustrated in Figure 2. According to this process concept, the water vapor from the lime mud drier is proposed to be used as slaking medium in a steam slaker, while the reaction heat from the steam slaker is used to drive the lime mud drier. Additional excess heat is suggested to be used for production of process steam at around 4 bar.


[image: Figure 2]
FIGURE 2. Detailed process schematic of electric plasma calcination with steam slaking. Solid lines represent mass flows and dashed lines represents heat flows.


After drying to essentially 0 % moisture content, sieving to remove inert solids, and deaeration, the lime mud is further preheated with hot carbon dioxide from the calcination reactor. The carbon dioxide is separated from the lime mud in a cyclone and the lime mud enters the calcination reactor where the reburning of lime occurs. The burned lime enters another cyclone where the hot carbon dioxide is separated and sent to the preheating unit.

Some of the carbon dioxide is compressed in two steps with inter-cooling for reuse in the plasma generator or as transport medium for the calcium carbonate entering the calcination reactor. The remaining carbon dioxide is removed from the system as a pure (biogenic) carbon dioxide stream which could be emitted, captured for storage, or further utilized.

The total power consumption of the electric plasma concept consists of the electric power demand of the plasma generator plus the power demand of the two compressors used to compress the carbon dioxide.




METHODOLOGY AND ASSUMPTIONS


Case Study Mills

Two kraft mills located in Sweden were used to evaluate the proposed concept – one market pulp mill, and one integrated pulp and paper mill. The core pulping processes of an integrated pulp and paper mill and a market pulp mill are essentially the same (see section The Kraft Pulping Process), with the main difference that an integrated mill adds paper machines at the end of the pulp refining line. Because of this, an integrated mill has a significantly higher specific steam demand (per adt of pulp) than a market pulp mill, while the specific steam production in the recovery boiler is very similar. Typically, this means that market pulp mill can easily have a surplus of heat from the recovery boiler, while an integrated mill has a heat deficit, all due to the additional energy consumption of the paper production.

This is true also for the investigated case study mills. In the integrated pulp and paper mill, the energy from the recovery boiler alone is not enough to cover the hot utility demand of the process. Therefore, a bark boiler produces the additional energy required. This mill has a back-pressure turbine for own generation of electricity, but also purchases additional electricity from the grid. For the market pulp mill, the recovery boiler could provide enough heat to cover the hot utility demand of the process. The surplus steam, plus energy from the bark from an adjacent sawmill, is used for electricity production. This mill is equipped with both a back-pressure and a condensing turbine that generate enough electricity to be able to sell excess electricity to the grid.

The two case study mills investigated here also differ in terms of production capacity. The key characteristics of the mills are presented in Table 1 together with key assumptions relevant for the mill calcination processes.


Table 1. Key characteristics and assumptions for the two investigated mills.

[image: Table 1]



Assessment of Heat Integration Opportunities and Effect on Co-generation Potential

To investigate how the novel calcination concept could be heat integrated with the rest of the mill processes, and how this would affect the power generation in the mills' steam turbine systems, a heat integration study was performed using a methodology based on Pinch Analysis, see e.g., (Klemeš, 2013).

Detailed operating data for process heat sources and heat sinks in the pulp mills were available from previous studies (Swing Gustafsson, 2013; Pedersén and Larsson, 2017) and was used as input to the Pinch Analysis. Minor adaptations were made to the stream data for the market pulp mill to remove streams related to the integrated condensing steam turbine cycle, since the sizing of this system was investigated separately in this work. The stream data, which is reported in the Supplementary Material, was used to construct the Grand Composite Curves (GCCs) for the mills. The resulting GCCs are presented in Figure 3 (with ΔTmin values chosen according to the original studies). These show the net heating and cooling demands for the processes assuming all opportunities for internal process heat recovery are exploited.


[image: Figure 3]
FIGURE 3. Grand composite curves for the investigated mills. (Left) Integrated pulp and paper mill. Based on data from Swing Gustafsson (2013). (Right) Market pulp mill. Based on data from Pedersén and Larsson (2017).


The potential for heat integration of the new electric plasma technology was then studied using key elements of an assessment methodology that was recently suggested for bottom-up assessment of process electrification options (Wiertzema et al., 2020). This methodology applies a foreground/background analysis with split GCCs to target the optimal integration of two processes, see e.g., Chapter 6 of the User Guide for Pinch Analysis by Kemp (2006) for a description of the principles of such an approach.

For the split GCC analysis, the electric plasma calcination was used as foreground. The remaining pulp/pulp and paper process represented in the background GCC was constructed by identifying and removing all process streams from the original pulp mill GCC that were connected to the conventional calcination process. The split GCC analysis provides a first overview of the potential for heat recovery.

The construction of the GCC of the electric plasma calcination with steam slaking was based on the process schematic presented in Figure 2, with assumptions according to Table 1, and assuming a ΔTmin of 10 K for heat exchanging (in line with the ΔTmin assumption for the integrated mill). The specific heat capacity for each component was estimated for the mean temperature of each stream. Reactor and slaker efficiencies were assumed to be 95%. The reaction for slaking of lime is an equilibrium reaction with an equilibrium temperature of 530 °C at 1 bar. The reaction needs to be performed well below the equilibrium temperature to achieve an acceptable reaction rate and good conversion of calcium hydroxide. However, it is desirable to have the reaction take place at as high temperature as possible, so that valuable steam can be produced from the reaction heat. There is thus a trade-off between high reaction rates and opportunities for high temperature heat recovery. In this work, it was assumed that the reaction temperature in the slaker is 200°C, in order to enable heat recovery at temperatures high enough for steam generation, while the reaction rate is still reasonable. The reaction heat for lime slaking at this temperature was estimated from the standard heat of reaction and heat capacity-temperature functions for the components. More details about these estimations as well as other assumptions underlying the modeling are available in Andersson and Skogström (2020).

In the next step, it was assumed that the new process is heat integrated with the existing mill processes via the utility steam system, i.e., without direct heat exchange between streams in the new calcination process and the existing mill. More specifically, steam is generated by heat exchange with hot carbon dioxide and heat from the steam slaking process. The amount of steam that can be generated was estimated from the GCC of the electric plasma calcination and steam slaking process.

Next, it was estimated how the addition of the new steam source from the calcination and steam slaking process (together with the removal of process streams connected to the lime kiln) would affect the potential integration of steam turbine cycles in the mill. This provided an estimation of the amount of electricity that can be generated in the mill, and how this potential is changed by integration of the new technology. This analysis was also performed using an energy targeting approach based on split GCCs. The stream data for the pulping process, including the steam generated from the plasma calcination and steam slaking plant, as well as the heat of combustion of the recovery boiler and bark boilers, was used to construct the GCC for the background process. The steam turbine cycle was represented as the foreground GCC. The approach is similar to that described in Svensson et al. (2019).

The main assumptions and simplifications for this analysis were:

• High temperature heat from combustion of black liquor in the recovery boiler is considered to be unavoidable excess heat available for steam generation, since the processing of black liquor in the recovery boiler is a necessary step in the recovery of chemicals.

• Since bark is available as a by-product at the mill sites, and there are constraints limiting the amount of bark that can be exported at a competitive price, it is assumed that the mills will primarily continue to use the amount of bark that they currently use – as long as they also can utilize the steam produced. Any potential reduction in process heat demand is used primarily to increase the steam flow through the mill's turbines, thereby increasing on-site generation of electricity. Bark boiler load is reduced only if the steam turbines are unable to accommodate increased throughput, in which case excess bark is sold.

• The steam cycle was modeled in a simplified way, limiting the turbine inlet steam pressure to a single level, and allowing a maximum of three steam levels for turbine extractions. These three steam headers were chosen to represent, as far as possible, the steam levels of the actual mills. The isentropic efficiencies of the steam turbines were estimated based on steam mass flows and pressure drops.

The procedure outlined above is suitable for energy targeting, i.e., estimating the potentials for minimum requirements for process heating and cooling, and how these requirements are affected when the conventional calcination process is replaced by the electricity-driven plasma process.



Estimating the Potential for Negative Emissions Through CCS

The process-related emissions from the calcination reaction are independent of the reburning method. In the electric plasma calcination process, only a very small fraction of the CO2 is required to operate the deaeration tank, which means that essentially all the CO2 formed in the reaction is emitted as a pure stream. The amount of CO2 formed in the reaction (CO2,calc.reaction) was estimated based on the chemical reaction and molecular weights of CaO and CO2, according to the following:

[image: image]

With the assumption of the same lime-to-pulp ratio for both mills (0.3 ton CaO/ton pulp, see Table 1), this was estimated to 95 ktCO2/a for the integrated mill and 164 ktCO2/a for the market pulp mill. These values correspond to the CO2 available for capture and storage (i.e., for negative emissions).



Electricity Demand for the New Process Concept

The total electric power demand for the plasma calcination plant (Pcalc.plant) was calculated according to the following:

[image: image]

Here, the only factor differing between the mills is the annual pulp production, which is provided in Table 1. As described above, the specific lime demand and annual operating time was assumed to be the same for both mills (0.3 ton CaO/ton pulp and 8,000 h/a, respectively, also reported in Table 1). The specific power consumption for the electric plasma concept was interpolated from values reported in Bjotveit et al. (2003) and thereby estimated at 5,300 kJ/kg CaO for the electric plasma generator and 190 kJ/kg CaO for the two compressors. For achieving negative emissions, the pure CO2 stream was assumed to be compressed to 110 bar for delivery to a CO2 interim storage hub, prior to transportation to the final storage site. Based on the annual flow of CO2 (calculated as described in section Estimating the Potential for Negative Emissions Through CCS), the electric power demand for this compression (PCO2comp) was calculated according to the following:

[image: image]

Here, the value for the specific electricity demand was derived from models used by Garðarsdóttir et al. (2018), from which it was estimated to be 89 kWh/tCO2. This value is in line with values reported in literature, see for example (Jackson and Brodal, 2019).

In addition to direct electric power demands of the plasma calcination process and CO2 compression, the increase in required grid electricity generation (Pgrid) is also affected by changes in on-site electricity generation in the steam turbines of the mill (Pturb) as resulting from the integration of excess heat from the new process in the mill's steam system. The net increase in grid electricity production is thus given by:

[image: image]



Assessment of Changes in CO2 Emissions

Replacing the lime kiln with the electric plasma calcination process and applying CCS to the emissions from the calcination reaction affect CO2 emissions in three ways, by:

• AvoidedCO2: (Fossil) combustion emissions are avoided by replacing fuel firing in the lime kiln with electricity.

• IndirectCO2: Indirect emissions associated with grid electricity generation increase when more electricity is used.

• NegativeCO2: Captured and stored biogenic CO2 from the calcination reaction leads to negative emissions (see section Estimating the Potential for Negative Emissions Through CCS).

The total emissions reduction (ReductionCO2) is thus determined by the following:

[image: image]

The mills investigated in this study have lime kilns that are fired with biomass. The integrated pulp and paper mill uses tall oil pitch, and the market pulp mill uses wood powder from sawdust. However, in many mills it is still common to fire the lime kiln with fossil fuel oil, thus the case in which a fossil fuel fired lime kill is replaced with electric plasma calcination case was also investigated. The energy use for a conventional lime kiln fired with fossil fuel oil was estimated at 6.0 MJ/kg CaO, based on data presented in Kuparinen et al. (2019). However, biomass fuels generally require higher firing rates to maintain the kiln production capacity. In line with previous studies (Kuparinen and Vakkilainen, 2017), the fuel demand for biomass fueled lime kilns was assumed to be 3% higher (i.e., 6.2 MJ/kg CaO).

The emission factor used for fuel oil as a lime kiln fuel was 275 gCO2eq/kWh. No fossil CO2 emissions were considered for the biomass fuels investigated. Sawdust and tall oil pitch are by-products from the forest industry, and therefore emissions for production or distribution of these fuels were assumed to be allocated to the main forest industry products. However, some processing (drying, grinding, and pulverization) is needed to prepare the sawdust for use in the lime kiln, which requires heat and electricity (98 kWel/MWfuel) according to Kuparinen and Vakkilainen (2017). In the investigated mill, the sawdust dryer is heat integrated with the rest of the mill. Heat for drying is provided by excess (biobased) heat from the process (this heat demand is represented as a cold stream in the stream data). The dryer is assumed to be kept in operation even if the lime kiln is replaced, since dried sawdust is also used for pellets production. However, the electricity used for wood powder production contributes with indirect emissions associated with grid electricity use with similar assumptions as described below for the electricity demand of the plasma calcination process. The indirect emissions related to sawdust preparation are, however, included in the term AvoidedCO2, and only when sawdust is used as a lime kiln fuel.

Electricity is used both for the plasma calcination process, and for compression of CO2 that will be sent to storage (see section Electricity Demand for the New Process Concept). The increase in electricity consumption may either increase the need for the mill to purchase electricity from the grid or reduce its export of renewable electricity. In either case, the net effect is that grid electricity production needs to increase. For the indirect emissions associated with this grid electricity production, a sensitivity analysis was performed in which the carbon intensity of grid electricity was varied between 0 and 900 gCO2/kWh. This range spans the entire range from net-zero build margin technologies in future electricity markets (e.g., wind and solar), to carbon-intensive power plants still in operation in current markets (e.g., coal-fired power plants).



Economic Evaluation

Two different economic assessments were made. Firstly, costs of the novel calcination concept were compared to the costs of a conventional lime kiln in order to evaluate its potential economic competitiveness. Secondly, the capture, transport and storage cost for CCS was estimated, provided that that the electric plasma calcination was implemented. In the analysis, all possible care has been used to utilize relevant up-to-date prices and costs. However, as prices for energy as well as costs for equipment may vary substantially over time and between different regions, the main assumptions must always be updated when considering a specific, actual investment case.

For the cost comparison between the two calcination technologies, the total annual costs for the new technology were compared to the total annual costs for re-investing in the conventional technology at the end of the lifetime of the existing reburning unit. The investment costs assumed for the electric plasma calcination equipment and for a lime kiln were based on values reported by Bjotveit et al. (2003). The values were converted for currency and updated to 2019 cost levels using the Chemical Engineering Plant Cost Index (CEPCI). For the plasma generators, the cost in Bjotveit et al. (2003) were provided for three generator modules with a capacity of 5 MW each. It was assumed that such modules are implemented in parallel, and the costs were thus scaled linearly based on the number of modules required to meet the demand for the investigated mills. For all other equipment, investment costs were scaled using a cost-size exponent of 0.6.

The operating costs include operation and maintenance (O&M) corresponding to 4% of annualized investments, fuel or electricity costs and a yearly cost for changing of electrodes in the plasma generators, which was also taken from Bjotveit et al. (2003). Price assumptions for energy carriers, which represent current market conditions, are presented in Table 2. Prices for fuel oil and tall oil pitch were taken from previous studies connected to the actual mill (Olsson, 2020). The price of wood powder (pulverized sawdust) was calculated based on the market price of wood by-products for industrial customers, the cost of electricity required for pulverization, and annualized capital costs for the fuel preparation steps. Capital costs and electricity demand were estimated based on numbers reported by Kuparinen and Vakkilainen (2017). The price of bark was assumed to be about 20% lower than the market price of wood by-products in Sweden (16 €/MWh) (Swedish Energy Agency, 2019).


Table 2. Fuel and electricity prices used for the economic assessment (for 2019).

[image: Table 2]

Since the electric plasma calcination process results in a pure stream of carbon dioxide, there is no need for further concentration of the CO2 and the total cost for CCS is limited to costs for compressing the CO2 and costs for transport and final storage.

For annualization of investment costs, a discount rate of 6 % was assumed. The economic lifetime of equipment was assumed to be 25 years, except for the lime kiln, which was assumed to have a lifetime of 40 years.

The capital cost for compression of CO2 was estimated using a cost function that was derived from process models of capture plants in previous work by Garðarsdóttir et al. (2018):

[image: image]

This function assumes a 4-stage compression with intercoolers for reaching 110 bar. As described in section Electricity Demand for the New Process Concept, this is the assumed pressure for delivery to a CO2 hub.

The cost for transport and storage of CO2 will depend on the development and scale-up of infrastructure for CCS. In Johnsson et al. (2020), the system cost for CO2 transport and storage was estimated to be 25–40 €/tCO2 for capture plants in Sweden, from which the CO2 is transported via transport hubs and ships to deep-sea storage well sites off the coast of Norway. The cost range depends on how many emission point sources and transport hubs are connected to such a CO2 collection and transport system. In this work, this whole range was considered to represent the uncertainties in transport and storage cost.




RESULTS


Heat Integration

The GCC of the electric plasma calcination with steam slaking was constructed based on the process schematic presented in section Background About Kraft Pulping and Its Calcination Process, and is presented in Figure 4 (The stream data used to construct the GCC is available in the Supplementary Material).


[image: Figure 4]
FIGURE 4. Grand composite curve of the electric plasma calcination with steam slaking process.


The GCC shows that the process generates 1.7 MJ of high temperature excess heat per kg wet lime mud. This heat is available at temperatures well above the temperature of low-pressure steam in the mills (ca 145°C), and consequently available for process heat integration with the rest of the mill via the low-pressure steam header.


Theoretical Integration Potential

The GCC of the electric plasma calcination was then scaled to fit the lime production of each investigated mill (see Table 1), and the potential for recovering the excess heat from the calcination process to heat other streams in the pulp mill was estimated using split GCC analysis. The results are presented in Figure 5.


[image: Figure 5]
FIGURE 5. Split GCCs illustrating the potential heat integration of the electric plasma calcination process with the rest of the pulping processes. (Left) Integrated pulp and paper mill. (Right) Market pulp mill.


The results show that it is theoretically possible to integrate the electric plasma calcination with steam slaking with the existing mills to achieve a reduction of utility demand for the integrated processes. The total theoretical savings potential for the integrated mill is 19 MW and for the market pulp mill 26 MW (i.e., around 10% of the minimum hot utility demand for the mills with conventional processes, which were 211 and 231 MW, respectively).



Integration via the Steam Utility System

The results above represent an estimation of the maximum heat recovery and utility savings that could be achieved by direct heat exchange between the new process and other parts of the mill. However, it was assumed that integration of the new process is most likely be achieved via the steam utility system of the mill, where it will affect the potential for power generation in the steam turbines. The electric plasma calcination and steam slaking process can therefore be represented in the process GCC by a hot stream representing the steam that can be generated by the electric plasma calcination concept.

Figure 6 shows how the integrated steam turbine cycles in mills are affected by the introduction of a new steam source from the plasma calcination and steam slaking plant and removal of streams related to the lime kiln process.


[image: Figure 6]
FIGURE 6. Integrated steam cycles (dashed lines) for the investigated mills with W denoting potential power generation. Mill processes (solid lines) includes heat from the recovery boiler and bark boiler. Gray lines: Original mill with lime kiln. Black lines: Mill with electric plasma calcination and steam slaking process. Note that the temperature axis has been cut off and high-temperature heat is available above 500°C to generate the indicated amount of steam.


The integrated pulp and paper mill relies on the bark boiler as a supplement to the recovery boiler to satisfy the process hot utility demand. No surplus of steam is generated, and the mill is not equipped with a condensing turbine. This means that the steam exiting the back-pressure steam turbine exactly covers the heat demand of the process. Consequently, if the steam production in the bark boiler is kept constant, while the steam demand is reduced thanks to the integration of excess heat from the novel steam slaking process, this would result in an excess of low-pressure steam from the mill of around 13 MW. This excess steam cannot be used for electricity production since there is no condensing turbine in the integrated mill and it is assumed that the steam excess is not sufficient to motivate investment in such a turbine. Instead, the integrated mill is assumed to reduce the load of the bark boiler to avoid producing unnecessary amounts of steam. The bark that is no longer used is sold to the market. However, the reduction in steam production has a negative effect on the cogeneration of electricity. The integration of the new electrified calcination concept with steam slaking thus results in a reduction of steam production in the bark boiler of about 17 MW, but also a reduction in electricity co-generation potential of 4.3 MW, for the integrated pulp and paper mill.

In the market pulp mill, heat generation from the boilers provides sufficient amounts of steam for electricity generation in the low-pressure condensing turbine. The integration of the new electrified calcination concept with steam slaking results in an increased power generation potential of 5.6 MW for the market pulp mill.




Potential for Carbon Capture

It was assumed that the mill replaces lime losses (2–5% of lime flow) by purchasing lime, and not by make-up limestone. In this case, the carbon dioxide released in the calcination reaction is entirely biogenic since the carbon originates from the wood raw material. These are emissions that can be easily captured from the electric plasma calcination process, for further transport to a permanent geological storage location, and thereby contribute to negative emissions. As described in section Estimating the Potential for Negative Emissions Through CCS (Equation 1), the potential was estimated to 95 ktCO2/a for the integrated mill and 164 ktCO2/a for the market pulp mill.



Electricity Demand

The electricity consumption estimated for an electric plasma calcination process integrated in each of the two case study mills (see Equation 2) is presented in Table 3. Table 3 also includes the estimated electricity demand for compression of captured CO2 (see Equation 3). In both mills, electricity consumption would increase by around 50%. However, the increased electricity demand affects the electricity balances differently for the two mills investigated. In the integrated pulp and paper mill electricity imports from the grid would increase. In the market pulp mill, which is a net exporter of electricity to the grid, electricity exports would be reduced. Table 3 also shows that in both mills, the integration of the new process leads to a net increase in demand for grid electricity production as calculated according to Equation (4).


Table 3. Resulting net increase in grid electricity production for the two investigated mills due to changes in electricity demands and on-site steam turbine power generation.

[image: Table 3]

As described in section Integration via the Steam Utility System, the integration of the electric plasma calcination process leads to a reduction in back-pressure steam turbine power generation for the integrated pulp and paper mill. This reduction of own electricity generation must be compensated by further increasing the power purchase from the grid. Conversely, for the market pulp mill, the electricity production can increase as a result of integrating the electric plasma calcination process, since excess heat from the steam slaking process is used to generate steam for the condensing turbine. The increase in electricity production was used to cover part of the electric power demand for the electric plasma generator. This dampens the increase in demand for grid electricity and thereby also the emissions associated with electricity use slightly in the market pulp mill.



CO2 Emission Reductions

The replacement of the lime kiln has consequences for both on-site and off-site CO2 emissions. Combustion emissions from the lime kiln are avoided, while the grid electricity production is increased, leading to indirect emissions associated with grid electricity production. The emissions from combustion in the lime kiln can be of either fossil or biogenic origin. For the integrated pulp and paper mill, the integration of the new process also affects the combustion of bark in the power boiler, but these emissions are also of biogenic origin. Consequently, if the emissions from the conventional lime kiln are greater than the indirect emissions associated with electricity use for the electric plasma technology, there is a potential to reduce emissions by the change of technology. This emission reduction can be obtained even without accounting for the potential for capture and storage of biogenic CO2. Figure 7 shows a comparison of lime kiln emissions with indirect grid emissions, for different emission intensities for grid electricity, and for different lime kiln fuels. For the indirect emissions associated with grid electricity, it was assumed that the electric plasma calcination replaces the lime kiln and is integrated with the steam utility system of the mill.


[image: Figure 7]
FIGURE 7. CO2 emissions that differ between the calcination process concepts: Emissions from the lime kiln (if fired with fossil fuel oil or biobased fuel) and indirect emissions related to increased electricity demand for a mill switching to an electric plasma calcination concept.


Figure 7 shows that if the lime kiln is fired with fossil fuel oil, the replacement of the lime kiln with an electric plasma calcination process may lead to significant emission reductions if grid electricity has a low fossil carbon emission intensity. This is the case assuming average grid emission factors in low-carbon markets such as the Swedish or Nordic electricity system (20 and 125 gCO2/kWh, respectively), but also if a consequential approach is adopted and it is assumed that the new electricity demand is covered by build margin technologies required for decarbonization of the power sector in the future, such as wind and solar power (see e.g., Reichenberg et al., 2018). The break-even emission intensity, for which the emissions would be the same for the electric plasma calcination and the lime kiln is 253 gCO2/kWh for the integrated pulp and paper mill and 350 gCO2/kWh for the market pulp mill. These values can be compared to average European grid electricity in 2019 (275 gCO2/kWh) or the emission intensity for electricity from a new, conventional natural gas combined cycle plant (337 gCO2/kWh). For mill-specific calculations, Figure 7 can also be used by applying the average carbon emission intensity for the specific electricity purchased by the mill.

However, the investigated mills use biomass fuels in their lime kilns (tall oil pitch and sawdust). As described in section Assessment of Changes in CO2 Emissions, the use of these biomass fuels is assumed to be carbon neutral. Even if this is a simplified assumption, it was considered reasonable for this type of by-products for forest industry operations. With this assumption, the replacement of a biomass-fired lime kiln with an electrified process would result in increased greenhouse gas emissions for any grid emission intensity above zero. On the other hand, by replacing biomass driven calcination processes with electric plasma technology, significant amounts of biomass are released for use in other sectors which could lead to a net decrease of emissions if considering a wider system boundary (see Pettersson et al., 2020 for further information about how scarcity of biomass resources can be handled in carbon balances). The yearly use of biomass that would be avoided in the two investigated mills was estimated at 90 kt/a of sawdust for the market pulp mill and 20 kt/a of tall oil pitch for the integrated mill. Another advantage of using an electric plasma calcination process instead of biomass fuels in lime kilns could be a more stable and reliable operation, since biomass-based lime kiln operation is associated with concerns regarding unforeseen process interruptions and fire risk (Kuparinen and Vakkilainen, 2017).

If the CO2 emissions from the electric plasma calcination process are compressed and sent to long-term storage, these represent negative emissions (see section Potential for Carbon Capture). This also leads to a small increase in electricity demand for compression. The resulting total emissions reduction from the electric plasma calcination with CCS was determined according to Equation (5), and are shown in Figure 8.


[image: Figure 8]
FIGURE 8. Total reduction of CO2 emissions associated with replacing a lime kiln by an electric plasma technology equipped with CCS. The total reduction includes avoided emissions associated with fuel use in the lime kiln, negative emissions from captured and stored biogenic CO2 and adjustment for indirect emissions associated with increased electricity use.


As expected, the emission intensity of electricity has a strong influence on the results. In particular, the electricity used for the electric plasma calcination needs to be associated with low carbon emissions in order to reach large emissions reduction when replacing a lime kiln fired with biomass.



Economic Evaluation

It was assumed that investment in the electric plasma technology would only be relevant as an alternative to investing in a new lime kiln, e.g., when the existing lime kiln needs to be scrapped at the end of its technical lifetime, or if increased calcination capacity is required as part of increasing the production capacity in the mill. Therefore, the cost comparison between the two technologies includes the annualized investment costs for both alternatives. Table 4 shows the total costs for the novel plasma calcination plant and steam slaker, and Table 5 shows the total costs for a conventional lime kiln.


Table 4. Total costs for investment and operation of the electric plasma calcination plant (without carbon capture).
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Table 5. Total costs for investment and operation of a lime kiln.

[image: Table 5]

The results indicate that the total annualized costs for the two technologies are comparable, for the assumed prices of fuels and electricity. In particular, introducing the electric plasma calcination seems promising for the integrated mill (independently of which fuel is used in the lime kiln), and for the market pulp mill if replacing a lime kiln fired by fossil fuel oil. However, the cost of electric plasma calcination is clearly sensitive to the price of electricity, which is illustrated in Figure 9.


[image: Figure 9]
FIGURE 9. Sensitivity analysis of the total annualized cost with respect to electricity price.


Figure 9 shows the total annualized cost for the two process alternatives as a function of the electricity price assuming either a fossil or a biomass fuel in the lime kiln. The electric process is the cheapest option for electricity prices below 40 EUR/MWh in the (larger) market pulp mill, and below 50 EUR/MWh in the (smaller) integrated mill. However, these breakpoints would shift, for example, if the cost of emitting CO2 would increase (which would increase the cost of the lime kiln with fossil fuel oil), or if the demand for biomass fuels would increase and drive up the market prices for biobased fuels (which would increase the cost of the lime kiln with biobased fuels). It is also important to note that the risk and investment costs for the electric plasma calcination process are substantially higher than for a lime kiln, since this emerging technology is still at a low TRL level.

In mills where the existing lime kiln is a bottleneck for pulp production, it may also be interesting to invest in a smaller plasma calcination process as a capacity booster for lime production. However, this opportunity was not considered further here, since the smaller plant would imply a substantially smaller flow of pure CO2 for capture, and thereby lead to significantly poorer economy of scale for CCS applied to the novel process.

Due to the uncertainties related to capital costs as well as future prices of energy carriers, it was further assumed that the electric plasma calcination process would only be selected if it becomes economically competitive compared to conventional lime kiln technology, and in that case, no additional cost for the electric plasma calcination concept is allocated to the cost of achieving negative emissions.

Furthermore, since the electric plasma calcination process results in a pure stream of carbon dioxide, there is no need for further concentration of the CO2 and the total cost for CCS is limited to costs for compressing the CO2 and costs for transport and final storage. These costs, i.e., the additional costs for negative emissions, assuming the electric plasma calcination process is implemented in the mill, are shown in Table 6.


Table 6. Additional cost for compressing, transporting and storing CO2.
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The results show that the costs for achieving negative emissions by capture and storage of CO2 from the electric plasma calcination plant are in the range of 36–60 EUR/tCO2, with lower costs for the larger (market pulp) mill thanks to economies of scale (694,000 adt/a compared to 405,000 adt/a).

These cost levels are clearly lower than other costs reported in literature for negative emissions from pulp and paper mills. For example, Onarheim et al. (2017a) reports costs of avoided emissions ranging from 52 to 66 EUR/tCO2 for a 800,000 adt/a market pulp mill and 71–89 EUR/tCO2 for a 740,000 adt/yr integrated mill (i.e., these mills are comparable in size to the market pulp mill in our study). When considering capture specifically from the lime kiln, they estimated avoidance costs in the order of 73–84 EUR/tCO2. Note, however, that our costs are per ton of CO2 captured and stored, not per ton avoided, since we did not include any emissions associated with the electricity used for compression.




DISCUSSION – CCU OPPORTUNITIES AS ALTERNATIVES TO CCS

An alternative to permanent storage of captured CO2 is to utilize the captured CO2 in other processes. Kuparinen et al. (2019) discuss several options for carbon capture and utilization (CCU) within the pulp and paper mills and map their potential. For example, they estimate the potential use for tall oil production to 4–6 kg CO2/adt, for production of precipitated calcium carbonate to 20 kg CO2/adt, and for lignin separation to 35 kg CO2/adt (assuming a lignin separation rate of 20%). They conclude that these utilization possibilities are currently small compared to the total capture potential from the mills (e.g., <3% of the capture potential from the recovery boiler). However, compared to the potential capture from the electric plasma calcination process (236 kg CO2/adt), the option of utilizing CO2 for production of precipitated calcium carbonate or for lignin extraction would constitute a more significant share.

High lignin extraction rates significantly reduce the steam production in the recovery boiler and thereby also the generation of electricity in the steam turbines of the mill. Depending on the steam balances of the mills, this loss in steam production might need to be compensated by increased load on the power boiler. However, for energy-efficient market pulp mills, it is likely that the steam production from the recovery boiler will be sufficient to cover the process steam demand also when lignin is extracted. In that case, the loss in electricity generation leads to increased demand for electricity purchased from the grid, in addition to the new demand for electricity to operate the plasma generators.

There could also be opportunities to utilize CO2 for production of electrofuels by combining CO2 with hydrogen from water electrolysis. Also for such opportunities, the potential is expected to be limited to a share of the captured CO2, with the main constraint assumed to be the capacity of the mill's connection to the electricity grid (Jannasch et al., 2019). The potential for reduced emissions through electrofuel production is highly dependent on the carbon intensity of the electricity used for electrolysis, and on what type of fuel is replaced by the electrofuel.

For all potential CCU opportunities, the potential emission reductions depend on what the products (e.g., the lignin, the electrofuel) are used for and what they replace. Since only a fraction of the captured CO2 can be utilized due to other capacity limitations for the aforementioned CCU concepts, the option of CCS to achieve negative emissions becomes highly interesting as the only option with the capacity to handle the entire CO2 flow.



CONCLUSIONS

Integration of an electric gas-plasma calcination process with steam slaking in a pulp mill to replace the conventional lime kiln technology would make it possible to eliminate firing fuel to provide the heat necessary for calcination. The results presented in this paper show that it could also reduce the primary steam demand for the rest of the pulp mill processes (by ~10%) by utilizing excess heat from the new process. For an energy-efficient market pulp mill, with the possibility to utilize excess steam in a condensing turbine stage, this translates into a possible increase of the on-site electricity production, thereby slightly dampening the increased demand for electricity for the plasma calcination process. For an integrated pulp and paper mill, the reduced steam demand could make it possible to reduce the steam production in the bark boiler. Whether this is an interesting option or not depends on the market for exporting bark from the mill, and if the corresponding loss in co-generation of electricity is acceptable.

The resulting reduction of greenhouse gas emissions when replacing the lime kiln with the plasma calcination concept depends on whether fossil fuel or biomass is used as a fuel in the existing lime kiln. If fossil fuel is used and electricity is associated with very low emissions, more than 50 kt/a of CO2 emissions can be avoided in the integrated pulp and paper mill investigated in the case study, and almost 100 kt/a in the case study market pulp mill. If biomass is replaced, the electrification will only lead to reduced emissions if the released biomass replaces fossil fuels somewhere else and the electricity used has a low carbon footprint. However, if that is the case, there is great potential to achieve significant emission reductions. The investment cost of the new calcination technology was found to be in the same order of magnitude as the investment cost of the conventional lime kiln, although the risks and uncertainties are significantly more pronounced.

However, the plasma calcination process with steam slaking also offers an opportunity to capture concentrated biogenic CO2 at low costs. In the two studied mills, the capture potentials were 95 and 164 kt/a for the integrated pulp and paper mill, and the market pulp mill, respectively. This way, the emission reduction potential of the electric plasma calcination concept is further improved by combining the electrification strategy with biogenic carbon capture and storage to achieve negative emissions.

The costs estimated for achieving negative emissions by capture and storage of biogenic CO2 from the electric plasma calcination plant range from 36 to 60 EUR/tCO2. These cost levels are clearly lower than other costs reported in literature for negative emissions from pulp and paper mills.
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Integrated pulp and paper mill Market pulp mill
Investments®
Plasma generators MEUR 9.5 (5 modules a5 MW) 15.0 (8 modules & 5 MW)
Cyclones and reactor MEUR 25 35
Heat exchangers and filter MEUR 22 32
Compressors for recycled CO; MEUR 12 18
Dryer and steam slaker MEUR 7.7 106
Total investment cost MEUR 233 339
Total annualized investment cost MEUR/a 18 27
Operating costs
Y] MEUR/a 0.1 02
Electricity® MEUR/a 97 12.0
Bark MEUR/a -18
Changing electrodes MEUR/a 05 09
Total operating costs MEUR/a 85 13.4
Total costs
Total annual cost MEUR/a 103 158

@Unclucing costs for assembly, instalation, and costs connected to construction and auxiliary equipment (Bjotveit ot al,, 2003).
2Only including electricity for plasma generators, compressors for recycled CO» and changes in steam turbine power generation.
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Total electricity demand of the Electric Plasma Calcination process (MW), of which:

Electricity demand Plasma generator (MW)
Electricity demand Compressor 1 (VW)
Electricity demand Compressor 2 (M)
Change in on-site electricity production (MW)
Electricity demand for compression of CO; to storage (MW)
Net increase in grid electricity production (MW)
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Cost for compression

Investment cost of 4-stage compressor with interstage coolers for CO to storage

Integrated pulp and paper mill

Market pulp mill

MEUR 13.4 17.4
Electricity cost for compression MEUR/a 02 04
Total annual cost for compression MEUR/a 12 18
Specific total costs for compression EUR/CO, 20 11
Transport and storage cost EUR/CO, 25-40 25-40
Total specific cost for achieving negative emission EURACO, 45-60 36-51
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Integrated pulp and paper mill Market pulp mill

Investments®
Rotary lime kiin MEUR 558 770
Total annualized investment cost MEUR/a 37 51
Operating costs
osM MEUR/a 02 03
Fuel ol (fossi) Tall oil pitch (bio) Fuel ol (fossi) Sawdust (bio)
Fuel MEUR/a 85 82 14.6 10.0
Total annual cost MEUR/a 124 121 200 15.4

aIncluding costs for assembly, installation, and costs connected to construction and auxiliary equipment (Bjotveit et al., 2003).
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Energy carrier Price (EUR/MWh)  Note References

Electricity 44 Price for large industrial customers, incl taxes but not VAT and other recoverable levies®  Eurostat, 2019
Fuel oil 42 Incl taxes and CO; charges Olsson, 2020

Tall of pitch 39 Olsson, 2020

Powdered sawdust 28 Price of wood by-products plus costs for fuel preparation Swedish Energy Agency, 2019
Bark 13 Price of wood by-products Swedish Energy Agency, 2019

2The price includes “electricity basic price, transmission, system services, distribution and other services” (Eurostat, 2019). For our analysis, the same price was assumed for both sales
and purchases of electricity.
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Key characteristics®

Integrated pulp and paper mill

Market pulp mill

Capacity - pulp (adt/a)® 405,000 694,000
Fuel used in lime kiln Tall oil pitch Sawdust
Recovery boller ~ heat production (MW)° 190 341
Bark boiler - heat production (MW)° 78 39
Electricity production (MW) 43 123
Electricity consumption (MW) 60 7
Key assumptions

Lime production (t CaO/adt pulp) ¢ 03

Dry matter content of wet ime mud © 75%

Inert material in chry lime mud ® 5%

Annual operating time (h/a) 8,000

Values calculated based on key data above

Lime production (¥a) 121,500 208,200
Wet lime mud processed (t/a) 304,500 521,800

2Based on data and information from Glader (2011), Swing Gustafsson (2013), and Pedersén and Larsson (2017).

badit = air dried ton.

©Heat production representative for the operating condliions of stream dta collection.
9Assumed to correspond to the lime production modeled for a moder softwood kraft pulp mill located in Norther Europe (Kuparinen et al., 2019).

®Based on assumptions in Bjotveit et al. (2003).
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