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Abstract: The recovery and utilisation of industrial excess heat has been identified as an important
contribution for energy efficiency by reducing primary energy demand. Previous works, based on
top-down studies for a few sectors, or regional case studies estimated the overall availability of
industrial excess heat. A more detailed analysis is required to allow the estimation of potentials for
specific heat recovery technologies, particularly regarding excess heat temperature profiles. This
work combines process integration methods and regression analysis to obtain cogeneration targets,
detailed excess heat temperature profiles and estimations of electricity generation potentials from
low and medium temperature excess heat. The work is based on the use of excess heat temperature
(XHT) signatures for individual sites and regression analysis using publicly available data, obtaining
estimations of the technical potential for electricity generation from low and medium temperature
excess heat (60-140 °C) for the whole Swedish kraft pulp and paper industry. The results show
a technical potential to increase the electricity production at kraft mills in Sweden by 10 to 13%,
depending on the level of process integration considered, and a lower availability of excess heat than
previously estimated in studies for the sector. The approach used could be adapted and applied in
other sectors and regions, increasing the level of detail at which industrial excess heat estimations are
obtained when compared to previous studies.

Keywords: excess heat; waste heat; kraft mill; pulp and paper; electricity generation; heat integration;
organic Rankine cycle

1. Introduction

In 2018, the Intergovernmental Panel on Climate Change (IPCC) issued a Special
Report identifying the impacts of global warming of 1.5 °C above pre-industrial levels [1].
The report calls for immediate action to achieve deep greenhouse gas emissions reductions
and to reach net zero emissions by 2050. The European Commission’s 2050 Climate Strategy
seeks to achieve this goal and establishes that renewable electricity is the most important
single driver for a decarbonised energy system [2]. In addition, the current Swedish Climate
Act entered into force in January 2018 with the aim of making Sweden carbon neutral
by 2045, and to reduce GHG emissions by 63 percent (1990 baseline) by 2030 [3]. The
International Energy Agency (IEA) expects that energy efficiency will contribute to more
than 40 percent of the reduction in CO; emissions by 2040 [4]. Increased recovery and
use of industrial excess heat (IEH) has been identified as an important aspect of industrial
energy efficiency to be analysed [5,6]. The utilisation of IEH reduces the use of primary
energy resources that would otherwise be needed for the production of heat or to supply
other energy services [7,8].
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Brueckner et al. [9] reviewed and categorised different methods for estimating excess
heat availability methods based on their approach (bottom-up or top-down studies), data
sources and acquisition (questionnaires, mandatory reports, online platforms) and scale of
coverage (local, regional, national, etc.). There are several studies estimating the availability
of IEH and recovery potentials at national and regional levels, often resorting to energy and
exergy analysis methods. In the UK, for example, McKenna and Norman [10] categorised
heat users into broad temperature intervals to quantify heat loads and the excess heat
availability at different temperatures for specific sites and provide a spatial distribution. The
analysis was based on data from the EU Emissions Trading Scheme together with specific
energy use and process data for the most important industrial sectors, covering 90% of the
energy intensive industries. A potential recovery of 5.5 to 22% of energy input was reported.
Based on these results, Hammond and Norman [11] estimated the technical potential of
several heat recovery technologies for use onsite, electricity generation or deliveries to cover
external heat demands, finding that 8% of the energy input was technically recoverable
as excess heat, most of it as direct heat recovery below 100 °C. Electricity generation was
only considered above 100 °C, using ORC technology. Additionally, using results from
McKenna and Norman [10] for the UK, Cooper et al. [12], found that only half of the heat
rejected by industry could be utilised in district heating (DH) networks due to the distances
and heat demand densities found.

Biihler et al. [13] present a geographical mapping of excess heat and heat demands
for six regions in the industrial and utility sectors in Denmark to identify their utilisation
potentials based on technical and economic feasibility criteria. Heat pumping, direct heat
deliveries and ORC electricity production were the utilisation options analysed. Electricity
generation considered heat sources between 100 and 350 °C. The results showed that the
excess heat temperature and energy prices were the most important parameters for the
recovery of excess heat. In two other studies focusing on excess heat utilisation in DH
networks and looking at 22 industrial sectors, Biihler et al. [14,15] first found that 5.1%
of DH demand in Denmark could be supplied by IEH, either directly or through heat
pumping. However, after analysing the temporal match between excess heat and heating
demands, as well as economic criteria, 30% of this potential could not be realised. There
were also cases in which the availability of excess heat exceeded the demand nearby.

More examples of national studies of industrial excess heat potentials are Briickner et al. [16],
based on CO; emission data reported in the German manufacturing industry, with a cover-
age of 50% of industrial fuel energy input and results showing an excess heat ratio of 13%
of fuel input on a reference temperature of 35 °C. In Norway, Sollesnes and Hegelrund [17]
sent questionnaires to 72 industrial companies and discussed utilisation potentials based on
the answers, with most excess heat being found in the pulp and paper industry, followed
by metals and chemicals. Additionally, using questionnaires, Broberg et al. [18] surveyed
85 large scale industries in two Swedish regions, responsible for 8.5% of the national in-
dustrial energy use, and extrapolated the results for excess heat availability for the whole
country. The study found about 2TWh of excess heat available for direct use and 21TWh
possibly recoverable after heat pumping, which is about 12% of the total energy use in
industry in the regions surveyed. In Sweden, IEH is currently responsible for 7.5% of the
energy supply for DH networks [19], and Broberg et al. [18] found that the potential for
increased use is significant, including for applications other than DH. Other countries with
reported potentials are Switzerland [20], China [21], the US [22] and France [23].

A few other studies quantified IEH potentials on a European level. Person et al. [24]
used CO; emission data from the Europe Pollutant Release and Transfer Register (E-PRTR)
to assess excess heat volumes from fuel combustion activities and evaluate strategic regions
suitable for large-scale DH implementation. The study found that 46% of the excess heat
in EU27 are located in the identified regions, corresponding to 31% of the total building
heat demands of such regions. This study, however, does not report on temperature
levels. An updated atlas for the spatial heat demand distribution was published (see
Moller et al. [25]), with preliminary figures for excess heat availability. Naegler et al. [26]
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estimated the industrial heat demand classified into three temperature levels, which could
be used to quantify IEH availability with an approach similar to the one used by McKenna
and Norman [10]. Mir6 et al. [27] present a compilation of excess heat data for 33 different
countries and a discussion about the quality of reported data and parameters to check for
reliability, and Lu et al. [21] also present a similar compilation, with a particular focus on
Chinese excess heat studies.

The pulp and paper industry accounts for about 5% of the total final industrial energy
used in IEA member countries [28], and about 51% in Sweden [29], being one of five most
energy-intensive industries [30]. Improved energy efficiency and decarbonisation, com-
bined with market challenges, have become a key competitive factor for the sector [31,32].
In Europe, which is responsible for 25.3 and 26.1% of the pulp and paper/board worldwide
production, respectively, about 60% of the total fuel consumption of the sector comes from
biomass, and 96% of the electricity produced is produced through CHP [33]. Although the
IEA recognises positive developments in the sector, it estimates that the sector’s energy use
must decline by 0.8% and non-biomass CO; emissions must decrease by 17% by 2025 to
stay within the agency’s 2 °C Scenario (2DS) [34]. While some sub-sectors, such as kraft
pulping, are almost entirely decarbonised in many countries (such as Sweden) already,
key challenges are instead related to better resource utilization in order to convert a larger
share of the wood raw material into useful products that can contribute to decarbonisation
in other sectors [35].

A number of studies on heat integration in pulp and paper mills discuss excess heat
availability and utilisation options [7,18,36-38]. Most often, the utilisation opportuni-
ties below 100 °C in these studies include only direct heat deliveries to DH networks.
One exception is Broberg Viklund and Johansson [37], who quantified electricity produc-
tion potentials for ORC technology with heat sources above 80 °C and PCM engines in
temperatures below 80 °C. This study, however, was based on questionnaires that reported
only a few temperature levels. Studies on the heat integration of pulp and paper mills
have also been focusing on process modifications to accommodate larger changes in the
pulp and paper industry, analysing biomass gasification, lignin extraction and biorefinery
concepts [39-42].

The literature review presented above showed that excess heat estimations for whole
sectors lack a precise description of the temperature levels available for heat recovery and
use only rough sector conversion efficiencies. On the other hand, detailed studies of heat
integration potentials that include IEH estimations and utilisation options generally use
a methodology that can only be applied for a few specific cases or would be too complicated
to generalise. These more detailed studies also tend to focus on DH networks and direct
heat deliveries, while it has been shown that low heat demand densities or even the
inexistence of a heat demand close to the industrial site pose a problem for increased IEH
utilisation [11,14]. One other problem is the current business models of heat production in
DH systems, with uncertainties arising in relation to pricing, the division of investments
and the security of supply in the cooperation between industry and utility companies [43].
For these reasons, the correct estimation of potentials for electricity production from low
and medium temperature excess heat is important, in order to present alternatives for IEH
utilisation that goes beyond direct heat deliveries to DH networks.

The aim of this paper is to analyse the opportunities for electricity generation with the
utilisation of low and medium temperature excess heat (60-140 °C) in the Swedish kraft
pulp and paper industry. A heat integration and optimisation methodology to estimate site-
specific cogeneration targets (with traditional steam turbines) and excess heat availability is
applied to six case studies. The case studies are based on four real mills and process stream
data for two simulated mills, for two scenarios of heat integration. In the first scenario,
a theoretical heat integration of the industrial process is assessed, while in the second
scenario, practical process integration constraints and technical limitations based on typical
real mills are considered in the assessment. Based on the results of these two scenarios, the
case studies are used in a regression analysis to estimate the electricity production potential



Energies 2021, 14, 8499

4 of 27

using low and medium temperature excess heat at all Swedish kraft mills (both pulp mills
and pulp and paper mills, also called integrated mills). This production potential is based
on the integration potential of organic Rankine cycles (ORC), taking into consideration
real efficiencies in practical applications. The methodology applied has the advantage of
estimating site-specific targets as well as allowing for the estimation of the potential for the
whole sector in Sweden.

2. Industrial Excess Heat

The definition of IEH varies in different sources. The definition adopted in this paper is
the one proposed by the IEA IETS—Annex XV: Industrial Excess Heat Recovery—Technologies
and Applications, which states that “excess heat is the heat content of all streams (gas,
water, air, etc.) which are discharged from an industrial process at a given moment” [44].

As thermal processes never achieve 100% efficiency and it is impossible to recover all
the energy input to a system as useful work, a share of the energy is emitted as heat. The
efficiency of a Carnot heat engine cycle is given by Equation (1).

T
Ncarnot = 1- <T}Cz> (1)

with T, and Ty, in K, as the temperatures of the heat sink and the heat source, respectively.
Equation (1) shows that the efficiency of a Carnot heat engine cycle operating between
two temperatures increases if the temperature difference increases and sets the maximum
efficiency for a given temperature difference. The same efficiency limitation of a heat
engine process in Equation (1) applies to the recovery of IEH as useful work, because the
efficiency of IEH recovery has the Carnot cycle efficiency as its theoretical upper bound.

It is important to make a distinction between IEH potentials in terms of the system
boundaries of the study. When looking at the potentials for the utilisation of IEH, these
can be divided into the following three categories: a theoretical or physical potential,
a technical potential and an economically feasible potential [9]. However, if IEH is studied
from the perspective of its availability, the concept of avoidable and unavoidable excess
heat must be considered. To evaluate this aspect, as introduced by Bendig et al. [45], process
integration methods using, for example, pinch analysis are used to obtain the minimum
energy requirements of a thermodynamically optimised process. Given that a certain
process is thermodynamically optimised, the amount of IEH arising from that process is
considered unavoidable. For processes that are not thermodynamically optimised, any
difference between the IEH available and the amount that would be available if the process
was optimised is considered avoidable excess heat. At this point, discussions arise as to
what assumptions are considered in order to obtain the minimum energy requirements of
a process, and for a discussion on this, see, for example [46]. A systematic way of handling
these assumptions is presented in [47]. In the case of the utilisation potential of IEH, the
technical potential is lower than the theoretical potential, whereas when considering the
availability of IEH, the technical potential is, in most cases, greater than the theoretical
potential that would remain after an optimised process of heat recovery within an existing
process. This is the case, because in any real situation, a process will not be integrated to its
maximum potential due to practical considerations, e.g., due to costs or other constraints
to optimal integration.

2.1. Excess Heat Temperature Intervals

Most studies reporting IEH availability and recovery potentials present the results in
an aggregated form in temperature intervals. The temperature intervals in which these
potentials are aggregated vary broadly between studies. The reasons for reporting the
availability of IEH in this form vary.

Studies based on top-down methods are based on aggregated data available for
sectors, countries or regions, and typically lack the necessary detail to estimate the precise
temperature levels of the IEH. These studies consider estimations of process conditions
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and conversion efficiencies that are generalised for entire industrial sectors, based on
primary energy use and company size factors. Bottom-up methods make use of data on
a process level to build up the excess heat availability for individual sites and sometimes
aggregate the results to whole sectors, countries or regions [16]. Data for representative
industries are collected. If the methods used to collect the data are detailed enough, more
thorough conclusions such as the technical potential are reached [46]. However, bottom-up
studies based on, for example, questionnaires and mandatory reports often do not collect
process data on a level of detail that is sufficiently complete to understand the excess heat
availability at any given temperature. One more factor of relevance is that the studies focus
on different industrial sectors or different regions or countries, and these naturally contain
industries with diverse production processes at different temperature levels. For example,
studies including the iron and steel industry [48-50] or the cement industry [51] usually
have much higher temperature levels of excess heat to report than studies in the pulp and
paper industry [36] or the food industry [52].

As a result, these different studies label the temperature levels as “low”, “medium”
or “high” in different ways, sometimes with other complementary levels. As there is not
a uniform definition for IEH temperature levels, the studies tend to use the levels suitable
for the industry-specific cases. In countries with a cold climate, such as Sweden, much
lower temperatures of excess heat than usually considered are of relevance, as there are
potential applications at these lower temperatures that are interesting in these regions,
such as DH networks. Some of the new technologies under development and being
introduced commercially make it possible to recover excess heat at lower temperatures
than established technologies; therefore, a more detailed division of temperature intervals
below 250 °C becomes necessary in these cases. Table 1 provides a compilation of the
division of temperature intervals reported in previous studies on industrial excess heat.
The results presented are only for the studies classifying the temperature intervals as low,
medium and high. Several other studies use other definitions without characterising the
intervals using such nomenclatures.

Table 1. Classification of IEH temperature intervals in different studies.

Source Low Medium High

Briieckner et al. [9] <100 °C 100-400 °C >400 °C

Hirzel et al. [53] <150 °C 150-500 °C >500 °C

DECC [54] <250 °C 250-500 °C >500 °C

Johnson et al. [22] <230 °C 230-650 °C >650 °C

Ma et al. [50] <150 °C 150-500 °C >500 °C

Frederiksen and Werner [55] <100 °C 100-400 °C >400 °C
Svensson et al. [36] 40-60 °C 100 °C

Johansson and Soderstrom [49] <230 °C

In this paper, the classification of excess heat temperature intervals presented in
Table 2 is used. This division is used to highlight the benefits of technologies that work
in temperature ranges below 140 °C. In particular, a division into several temperature
intervals below 140 °C is beneficial when evaluating the electricity generation technology
considered in this paper, namely ORC, but other excess heat recovery technologies are also
applicable in the intervals adopted, see Table 3.

Table 2. Temperature intervals and nomenclature considered in this study.

Excess Heat Category Temperature Range
Very high temperature >250 °C
High temperature >140-250 °C
Medium temperature >100-140 °C
Low temperature >60-100 °C
Very low temperature >40-60 °C

Extremely low temperature >25-40 °C
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2.2. Identification of Technologies for Electricity Generation from Low and Medium Temperature
Excess Heat

In principle, IEH can be used to generate electricity with any existing electricity gener-
ation technology, being limited only by the availability of excess heat and its temperature
levels. In practice, the amount of excess heat available at individual industrial sites and
its corresponding temperatures make current technologies, such as steam Rankine cycles
and closed Brayton cycles, unsuitable for application in many sites or already applied at
higher temperatures. A compilation of electricity generation technologies using excess
heat was made to search for suitable technologies for application in the kraft pulp and
paper industry (see Table 3). Based on previous results obtained by the authors in [56], and
on previous studies reporting excess heat availability and temperature levels at pulp and
paper mills [10,11,18,57], only technologies that work at 140 °C and below were considered
for estimating new opportunities for electricity generation in this study. This temperature
level was chosen because these studies make it clear that the availability of IEH above
140 °C in pulp and paper mills is very limited, as heat at these temperatures is already
utilised to a large extent for CHP electricity generation, for example, in back-pressure steam
turbines, and thus only corresponds to a small fraction of the total excess heat available.
It is important to note that the integration of conventional electricity generation from
back-pressure and low-pressure condensing steam turbines is considered in this study
when estimating the availability of excess heat in the mills, as explained in the methods
(See Section 4.1). Considering temperatures below 140 °C for IEH recovery and the tech-
nology characteristics in Table 3, organic Rankine cycle (ORC), absorption-Rankine cycle,
phase change material (PCM) engine, Kalina cycle, CO;-transcritical cycle, thermoelec-
tric generator (TEG) and Stirling cycle are suitable technologies for application in kraft
mills. Among the suitable vapour cycles, ORC technology is the most proven commercial
technology, with relatively higher efficiencies and the possibility to operate over most of
the temperatures under consideration. This technology can also be installed in unit sizes
that are compatible with application in pulp and paper mills with different amounts of
excess heat available. Due to these cited characteristics, ORC technology was selected to be
evaluated as the IEH recovery technology in this study.

Table 3. Technologies for conversion of industrial excess heat. Compiled with information from: [6,37,48,58].

Working Heat Source .o Electrical Stage of
Technology Temperature (°C) Phase Unit Size (kWe)) Efficiency (%) Development
Rankine cycle >240 Gas, steam 0.5-1500 MW 47 Condensing Commercial
30 CHP
ORC 30-550 Gas, liquid 5 kW-15 MW 5-20 Commercial
Absorption 70-170 Gas, liquid 80-130 15 Demonstration
Rankine cycle
PCM 25-95 Liquid 10-1000 25-9 Experimental
development
Kalina cycle 80-180 Gas, liquid 0.05-12 MW 12-17 Commercial
CO; 60-540 Gas, liquid 0.25-8000 25-15 Experimental
trans-critical development
TEG 150-800 Gas, liquid 200-800 1.5-5 Small scale
commercial
TPV 1000-1800 Gas, liquid - 12 Experimental
development
Stirling cycle 100-700 Gas, liquid 100-300 13-36 Demonstration,

commercial
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Organic Rankine Cycles (ORC)

Rankine cycles convert heat that is usually converted into electricity into mechanical
energy. Rankine cycles, with water as the working medium, are the most used thermo-
dynamic cycle in traditional electricity generation plants. However, the cycle running
on water only achieves feasible efficiencies for heat sources above 240 °C [52]. Lower
temperatures and the corresponding lower steam pressures require larger equipment, and
the heat available at such temperatures is not sufficient for superheating the steam [37,58].

Intense research has been carried out on ORC systems in recent years, including for
IEH applications (see, e.g., [51,59-62]). ORC systems take advantage of organic working
fluids that have lower boiling points than water, thus allowing the use of heat sources
at lower temperatures with higher efficiencies than if water is used [61]. The choice of
organic fluid is application specific, and the options cover a wide range of boiling points.
The fluid is usually selected for efficiency maximisation, based on the temperature of the
heat source [49], the thermal stability and the boiling point, but also taking into account
environmental parameters such as global warming potential, ozone depletion potential and
toxicity [63]. Tchanche et al. [64] analysed 31 organic fluids for applications below 90 °C in
small scale solar applications, while Saleh et al. [65] studied different cycle configurations
applied to 30 organic fluids in geothermal applications below 120 °C. As with other
conversion technologies, the conversion efficiency depends on the difference in temperature
between the heat source and the heat sink, but also depends on the enthalpy of vaporisation,
fluid specific volume, critical temperature and pressure, as well as composition in the case
of mixed fluids [59,60,65].

Dickes et al. [66] developed a Matlab-based simulation tool for ORC cycles, ORCmKit.
Among a series of options, there is a model for an ORC cycle with an internal heat exchanger
(recuperator). Ziviani et al. [67] further developed the simulation tool to include a charge-
sensitive analysis of ORC cycles. The tool includes semi-empirical ORC cycle models for
the cycle components, calibrated with experimental data. This tool was used and adapted
to estimate the ORC cycle characteristics, including the net efficiency of the ORC at the
IEH temperature levels considered in this study. Figure 1 presents the T-s diagram of
an example ORC cycle using the Matlab tool for IEH recovery at 100 °C, and cooling water
temperature at 15 °C. The heat profiles of the IEH source and cooling water are shown,
together with the cycle component points for a cycle running on R245fa (see Table 4 for fluid
characteristics). R245fa is a common refrigerant for ORC cycles working at the temperature
levels analysed. The simulation tool was used to estimate the ORC cycle efficiencies for the
IEH temperatures considered.

160
140

120

IEH source |

YA -
— 100 | ——————f————=———70
(5] |
o, |
g 80 - Evaporator |
® s‘
8 60 Expander/‘fr
qE) Recuperator Recuperator J
F 40 (high pressure) (low pressure)

Condenser

N
o =)

o

c

3

o
\}<‘/
(@]
o
S
2
@
H
S
g

——

/

800 1000 1200 1400 1600 1800 2000
Entropy [J/kg.K]

Figure 1. ORC cycle simulation using the ORCmKit simulation tool [66], adapted to the operating
conditions for IEH recovery at 100 °C, as an example.
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Table 4. Selected working fluid for ORC application.

Working Fluid T Critical (°C) P Critical (MPa) Boiling Point (°C)
R245fa 153.9 3.651 15.3

3. Energy Situation in the Swedish Kraft Pulp and Paper Sector

The pulp and paper industry is the largest energy user in the Swedish industrial
sector. In 2017, the sector accounted for 50.5% of the final energy use in the industrial
sector in Sweden (72.4 TWh out of 143.2 TWh) [68]. There are different types of mills in
operation, but 61% of the total pulp production in 2017 in Swedish mills came from kraft
mills [69], and Swedish mills accounted for around 31% of European pulp production in
2018 [33]. These mills convert large amounts of biomass feedstock. In the kraft process,
a significant fraction of the lignin and hemicellulose content of the incoming biomass raw
material leaves the mill digester in a black liquor stream, which is evaporated and burnt for
chemical and energy recovery. The energy recovery results in process steam and electricity
production that partially supplies the electricity requirements for the mill operation. The
renewable electricity certificates system introduced in Sweden in 2003 has contributed to
a substantial increase in the production of electricity in pulp and paper mills, since the
process runs on biomass [70]. Figure 2 shows the trends in the kraft pulp industry over the
past 18 years. While the amount of kraft pulp production has varied by about 18%, heat sales
varied by up to 65% and electricity sales by over eight times. Considering the specific values
per kiloton of pulp produced, heat and electricity sales show a general upwards trend. While
this might indicate increasing energy efficiency over the years, other factors must be considered,
e.g., the amount of biofuel used by the mills solely for energy production.
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Figure 2. Total kraft pulp production, heat and electricity sales, together with specific heat and
electricity sales for the years 2002 to 2020 [69].

Figure 3 shows the declared amount of electricity produced in pulp and paper mills in
Sweden in 2019 in relation to the biofuel used (including black liquor, bark and other wood
residues). For the case of kraft mills, there is a clear linear relationship between biofuel
usage and electricity production.
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Figure 3. (Left): declared electricity production vs. biofuel use in Swedish mills in 2019. (Right): declared sold excess heat
vs. biofuel use in Swedish mills in 2019. Compiled with data from [69].

It is also common in Sweden for pulp and paper mills to export a certain amount of
heat to nearby district heating systems, see Figure 3. However, for this case, the relationship
between the amount of heat exported and biofuel usage is less clear.

4. Methods

In this section, the method for evaluating the potential for electricity generation from
low and medium temperature excess heat is presented. An overall description is shown
in Figure 4. Based on thermal stream data from six case studies and publicly available
data for the pulp and paper mill sector in Sweden, targets for conventional electricity
generation in steam turbines were obtained. The availability of excess heat remaining after
the integration of steam turbine cycles corresponding to these targets was then estimated
for each of the case studies. The results from the case studies were used to construct
a regression model that was finally applied to estimate the excess heat availability for
each kraft mill in Sweden. The regression model was validated against the electricity
generation potential found for the case studies. Based on the results of the regression
analysis, electricity generation potentials from low and medium temperature excess heat
in the whole Swedish Kraft pulp mill sector were obtained.

Thermal stream data
from case studies

Sectorial public

Technol dat
database echnology cata

A 4

Targeting conventional
electricity production

New electricity generation
targets for all kraft mills

Validation of electricity
generation from IEH

[y

A

XHT signatures (case studies)

Regression analysis - XHT
signatures for all kraft mills

Figure 4. Overview of the method to obtain the availability of industrial excess heat and calculating the electricity

generation potentials.

Previous studies based on pinch analysis in Swedish kraft pulp and paper mills
collected detailed process data, which were used in this paper to estimate the excess heat
availability from four kraft mills [71-74]. These mills are two market pulp mills (S6dra
Cell Viro and SCA Ostrand), and two integrated pulp and paper mills (Holmen Iggesund
and Billerud-Korsnds Karlsborg). The reader is referred to the original studies for details
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on the production process of each mill. Data from the FRAM (Future Resource Adapted
Pulp Mill) project, aimed at defining benchmarks for the pulp and paper industry, were
extracted for a typical kraft bleached market pulp mill [75] and a typical kraft integrated
(pulp and paper) mill [76].

A summary of the data collected for the case studies is shown in Table 5. Most data
for pulp and paper production as well as energy usage and export were retrieved from
Miljodatabasen from 2002 to 2020 [69], an online database provided by the Swedish Forest
Industries Federation, reporting on key operational parameters for most of the pulp and
paper mills in the country. Data were retrieved from the database for the same reference
year of the study that collected process thermal stream data (see references in Table 5). The
mills studied may have undergone substantial revamping and retrofitting since the year
when the data were collected. The data for SCA Ostrand in particular are representative of
an expansion that was planned in 2015. In this case, data were obtained through quotations
and interaction with mill process experts, and therefore, may be affected by a larger error
compared to the other cases, as the data are not based on actual measurements.

Table 5. Overview of kraft mill study cases. Data taken from Miljodatabasen [69] and the respective studies, with the
exception of the FRAM mills [75,76].

Billerud-

. .. - . Holmen o FRAM Type FRAM Type
Mill Sddra Cell Viro SCA Ostrand Iggesund KKorsnas Pulp M}illl Integrate dyMill
arlsborg
Pulp prod. (kt/y) 419 900 (+95) 347 272 327 385
Market pulp (kt/y) 419 900 (+95) 50 151 327 0
Paper/board (kt/y) 0 0 381 151 0 512
Biofuel (GWh/y) 3035 n/a 2327 1952 1975 2594
Fossil fuel (GWh/y) 31 n/a 66 48 0 0
ElL prod. (GWh/y) 358 n/a 303 224 259 270
Sold heat (GWh/y) 91 n/a - - - -
Data year 2012 2015 2013 2009 2006 2008
D Mostly Quotations and Mostly Mostly FRAM FRAM
ata source
measurements models measurements measurements models models
Mill type Market pulp Market pulp Integrated Integrated Market pulp Integrated
Process thermal Bood and Abhlstrém and Isaksson et al. [73] Eriksson and Axelsson et al. [77] Axelsson and
data reference Nilsson [71] Benzon [72] . Hermansson [74] ’ Berntsson [78]

4.1. Targeting of Conventional Electricity Generation and Characterisation of Excess Heat Availability

In kraft pulp mills, black liquor is combusted in a recovery boiler for the recovery of
energy and regeneration of cooking chemicals. The steam production is determined by the
amount of black liquor being processed, which, in turn, depends on the production rate in
the pulp digesters. The recovery boilers are, therefore, regarded as part of the production
process and not a utility system. On the other hand, other steam boilers, which, in pulp
mills, are mainly fuelled with bark, are regarded as part of the utility system and not as
necessary parts of the process itself.

The high-pressure steam produced in the recovery boiler, and possible additional
steam boilers (also called power boilers), is distributed around the process site in a steam
utility network, which may also be equipped with steam turbines for the combined pro-
duction of heat and electricity. The fuel energy utilisation in this steam utility system will
be maximised if the process steam demand is exactly covered by back-pressure steam from
a turbine. In practice, there is usually a mismatch between steam production, steam turbine
cycle and process steam demand. Typically, there will either be an excess of steam, pro-
viding an opportunity for a condensing turbine stage, or a deficit of steam and, therefore,
a need for a direct reduction in boiler steam through let-down valves, thereby by-passing
the steam turbine. In the latter case, it might be justified to increase the back-pressure
electricity generation, by firing additional fuel in the utility boilers to produce more steam.

To estimate the electricity generation targets from conventional steam cycles and ex-
cess heat availability, an energy targeting methodology was used, based on an investigation
of heat flows between the constituent processes using pinch analysis tools. The targeting
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procedure was formulated as a linear programming problem following the combined objec-
tive of maximum electricity generation and maximum excess heat recovery, given certain
constraints representing the assumptions about the level of heat recovery and fuel use. In
principle, a steam cycle was integrated between the available high-temperature combustion
heat from the recovery boiler and the heat demand of the production process [47]. Figure 5
shows a graphical representation of this integration between the steam cycle, the process
and the recovery boiler, in a background /foreground analysis. This is equivalent to fitting
the steam cycle between the different levels of heat available from the recovery boiler and
the heat requirements of the process.

1000 [ T ) 1000 T "
: Background process: Background process:
900 | recowvery boiler | 900 Pulp mill including
| the recovery boiler
800 | 1 800 / <
|
G 700 5 700} ]
& [ 2
S 600} 12 600
© { = Foreground process:
2 500 Il 2 500 P\ Steam pycle w'|th |
g i = \ | condensing turbine
[V]
. | hat | \ ]
E 400 I |Foreground process: 13 400 M l
£ : Pulp mill = N 2
» 300 1 » 300 - 1
|
200 | / 1 200 [Power -
- 1 generation| N
TTTTT target \
100 — 1 100 1
0 ~~ I~ 1 1 L J 0 1
0 50 100 150 200 250  30C 0 50 100 150 200 250 300
Net heat flow (MW) Net heat flow (MW)

Figure 5. Integration of a steam turbine cycle with the pulp mill process using heat from the recovery
boiler. (Left): Heat availability from the recovery boiler shown as a background process, and heat
demand from the pulp mill shown as a foreground process. (Right): Back-pressure and condensing
turbine operation shown as a foreground process and heat from the recovery boiler plus process heat
pulp mill demand as a background process.

Based on the integration of the production process, steam boiler and turbine system,
the availability of excess heat was then characterised according to discrete pre-defined
temperature intervals. These temperature intervals prioritise the recovery of excess heat
at higher temperatures over lower temperature levels according to Carnot-based weight
factors (see Table 6). The excess heat temperature profiles were generated following the
objective function shown in Equation (2).

minimize f = Eilio(WFi'xi) (2)

where WF; is the normalised weight factor for temperature interval/level i, and x; is the
heat available within the same interval/level i (see Table 6).

The resulting temperature profile is referred to as the excess heat temperature (XHT)
signature, as discussed in detail by Svensson et al. [56] and Svensson et al. [47].

The assumptions for the integrated steam cycles heavily affect the estimated availabil-
ity of excess heat from the mills. In this work, excess heat availability was estimated for two
different sets of assumptions: one theoretical scenario representing minimised fuel use and
one scenario representing the current utility demands of the process. In accordance with
the two sets of assumptions, the following two different XHT signatures were constructed:
a theoretical XHT signature and a process cooling XHT signature.



Energies 2021, 14, 8499

12 of 27

Table 6. Categories of excess heat according to temperature levels, average Carnot factors and normalised weight factors for

optimisation. Ty = 273.15 K and Ty is the temperature of the excess heat.

Heat Enthalpy Average Carnot Normalised Weight

Excess Heat Category Temperature Range Notation (x;) Factor (1-T g/ Tigs) Factor (WF)
Very high temperature 500-250 °C X10 0.5623 —-6.71
250-250 °C X9 0.4779 —5.70
High temperature 250-140 °C Xg 0.4084 —4.87
140-140 °C X7 0.3389 —4.04
Medium temperature 140-100 °C Xg 0.3034 —3.62
100-100 °C X5 0.2680 —3.20
Low temperature 100-60 °C Xq 0.2240 —2.67
60-60 °C X3 0.1801 —2.15
Very low temperature 60-40 °C X2 0.1539 —1.84
40-40 °C X1 0.1277 —1.52

Extremely low 40-25°C X0 0.0839 1

temperature

The theoretical XHT signature represents the unavoidable excess heat corresponding
to minimised fuel use [45]. This implies assumptions about theoretical, maximum internal
process heat energy recovery, assuming a minimum temperature difference of 0 °C for all
heat exchangers. This is represented by the process grand composite curve (GCC) with
ATpin = 0 °C. Furthermore, the steam cycle was sized to avoid additional firing of bark in
the power boiler unless required to be able to cover the process heat demand, which means
that when the energy content of the steam produced in the recovery boiler is insufficient
to cover the process steam demand in combination with maximum back-pressure power
generation in the steam turbine cycle, some steam will by-pass the steam cycle and be
directly reduced to a lower pressure. State-of-the-art values were assumed for steam boiler
outlet conditions, as well as turbine and pump efficiencies. A condensing turbine stage was
considered if an excess of low-pressure steam was still available after minimised fuel use
and maximised back-pressure electricity generation, but only if the extra power produced
by the condensing stage was greater than 10 MW. This limit was set to avoid excessively
small turbines that generally fail to meet industrial profitability criteria [79]. Note that the
inclusion of a condensing turbine limits the amount of excess heat available as steam, and
also reduces the amount of excess heat available from the pulp mill process as heat is used
for heating the condensate from the turbine condenser up to feedwater temperature.

The process cooling XHT signature represents the current availability of excess heat
from existing process coolers and exhaust streams. In the absence of detailed data about
air or water coolers in each mill, the process cooling XHT signature was also estimated
using a targeting approach. In this scenario, heat exchange was assumed to be possible
with a minimum temperature difference of 5 °C, but layout and operability limitations
were also considered. In particular, direct process-to-process heat exchange was assumed
to be possible only between a few specified thermal streams such as inlet cold air and
outlet hot air in the air driers, while heat recovery between most of the process heat sources
and heat sinks was assumed to be accomplished via a secondary warm and hot water
system. This system was modelled as thermal loops between 20 and 60 °C, and between
20 and 80 °C, for warm and hot water, respectively. While the pinch analysis provides the
heat availability for the overall process (given the constraints mentioned), these thermal
loops would, in practice, be primary points of connection of any IEH recovery unit to be
integrated into the process. For the process cooling XHT signature, the steam cycle was
sized according to reported values of biofuel use in the mills [69]. This was performed by
estimating the amount of black liquor obtained from the pulp process in comparison with
the declared amount of biofuel use reported by the companies. As discussed earlier, this
difference was assumed to be available as bark. Steam values and turbine efficiencies were
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assumed that represent those of modern mills, but with more moderate values compared
to the state-of-the-art assumptions used for theoretical XHT signatures. The assumptions
for the estimation of excess heat availability and conventional electricity generation targets
are summarised in Table 7.

Table 7. Assumptions for the heat integration study.

Theoretical XHT Process Cooling XHT
Black liquor useful energy 6.046 MWh/ADt pulp 6.046 MWh/ADt pulp
Bark ! - Total biofuel-black liquor
ATmin 0°C 5°C
High-pressure steam conditions 100 bar, 530 °C 80 bar, 480 °C
Turbine isentropic efficiencies Bzéck—press.ure.: 085 Back-pres.surfz: 075
ondensing: 0.9 Condensing: 0.85
Condenser pressure 0.1 bar 0.1 bar
Additional steam production - 16 bar
Secondary heating system - 20 to 60 °C and 20 to 80 °C

! The amount of bark used to obtain the Process cooling XHT is the difference between total biofuel input and the
black liquor resulting from the pulp process.

Figure 6 shows the estimated theoretical XHT signatures for Sodra Vird, assuming
that a steam cycle with an additional condensing stage is integrated in the process.

T T

140

120

Pulp mill including the
integrated steam cycle

100

80

40 - ——=n .
XHT Signature :
[
[
|

Shifted temperature (°C)

20

0 . . | . . f !
0 20 40 60 80 100 120 140 160

Net heat flow (MW)

Figure 6. Estimated theoretical XHT signature for the Sodra Var6 pulp mill, based on the net cooling
demand represented by the GCC of the integrated pulp mill process, recovery boiler and steam cycle.

4.2. Regression Analysis

After analysing the excess heat availability and obtaining the conventional electricity
generation targets for the six case study mills, a linear regression function was postulated
to estimate the excess heat availability of each kraft mill in Sweden. In order to obtain
as significant a regression as possible, different data available from the online database
mentioned previously were tested, and the market pulp (not the total pulp produced) and
paper production rates were selected as the most significant for the regression. The linear
regression analysis was conducted using Equation (3) for each of the 11 temperature levels
that were used to represent the XHT signatures (see Table 6), provided that excess heat
availability was estimated at those levels. Constant mill production was assumed, for a mill
availability of 92% (7834 h/year), reflecting the process conditions when thermal stream
data were collected [75].
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Excess heat (GWh/y) = k + m-Market Pulp (kADt/y) + n-Paper (kADt/y)  (3)

The regression functions obtained were then used to calculate the theoretical and
process cooling XHT temperatures of each mill in Sweden and were later used to estimate
the electricity generation potentials from the low and medium temperature excess heat
available at these mills.

4.3. Estimation of Electricity Generation Potentials from Low and Medium Temperature Excess Heat

For the estimation of electricity generation potentials in this study, cooling water was
considered to be available at 15 °C. This temperature is consistent with cooling water tem-
peratures available in Sweden even during the summer months; therefore, the estimation of
the efficiency gives a lower bound of the real efficiency of the equipment, whereas, during
the winter months, the efficiencies would be slightly higher. The net efficiencies of the ORC
systems were calculated by using ORCmKit based on this cooling water temperature and
other system parameters introduced previously in Section 2.2. The calculated efficiencies
are shown in Table 8. The efficiencies calculated and shown in Table 8 are equivalent to
those related to the technical potential of IEH utilisation, as discussed in Section 2.

Table 8. Organic Rankine cycle calculated net efficiencies at each industrial excess heat temperature level.

IEH Temperature (°C) ORC Efficiency (R245fa)
60 0.058
100 0.072
140 0.086

The efficiencies presented in Table 8 show that ORC system efficiencies at 60 °C are
much lower than the efficiencies obtained at 100 and 140 °C. As an optimisation problem
was run to select the heat recovery temperature from the possible temperature levels, and
because the cycle net efficiency increases with temperature, heat recovery at the highest
temperature available was prioritised.

In this work, the XHT signatures used for identifying excess heat amounts for low-
temperature electricity generation were obtained either through the optimisation targeting
approach described in Section 4.1 (for the case study mills) or through the regression analy-
sis described in Section 4.2 (for all Swedish kraft mills). Since the XHT signatures represent
potential excess heat utilisation as integrated with a process, considering a specified mini-
mum temperature difference for heat recovery, the estimated amounts of heat available for
electricity generation technologies working at different temperature levels could be directly
read from an XHT signature curve. As an example, the XHT signature obtained through
regression analysis representing the process cooling availability of excess heat for Sodra
Viéro is shown in Figure 7, and illustrates how the heat available for low-temperature elec-
tricity generation is read from the curve. The cycle’s actual electricity generation was then
calculated based on the estimated amount of heat recovered and the specific efficiencies at
each temperature level from Table 8.
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Figure 7. Estimation of excess heat recovered by the ORC at each temperature level. The XHT
signature (red line) represents the potential IEH recovery integrated with the process, and at each
temperature level, the ORC system evaporator temperature is selected to recover the heat available.

5. Results and Analysis
5.1. Excess Heat Availability

Figure 8 presents the estimated theoretical and process cooling XHT signatures to-
gether, for each of the six case studies. The excess heat available for the process cooling
conditions tends to follow the curve for the theoretical heat integration conditions, except
for the Karlsborg case, in which the process cooling XHT signature shows a much larger
availability of excess heat. These results also show that the availability of excess heat at
high temperatures is limited in kraft pulp mills, with only the Karlsborg case showing
a higher availability of latent heat at 140 °C. Overall, the availability of medium to high
temperature excess heat tends to be greater for the process cooling condition than for the
theoretical heat integration case, due to the increased internal heat recovery in the latter.

To visualise the excess heat availability at different temperature levels as a function of
the energy input to the process, Figure 9 presents a comparison between the six mills for
the specific excess heat availability compared to the energy input into the process, both for
the estimated total excess heat (>25 °C) and for temperatures >60 °C. Overall, the total
availability of excess heat varies significantly between the case studies, but integrated pulp
and paper mills have a lower availability of excess heat than market pulp mills, due to
the extra energy requirements of the drying process for the paper product. However, the
availability of excess heat above 60 °C is much less than the total excess heat available
(>25 °C), being lower than 15% of biofuel energy use for most cases. Above 60 °C, the
availability of excess heat in process cooling conditions is much greater than the theoretical
scenario. This is an indication that pulp and paper mills can deliver larger amounts of
excess heat if running at process cooling conditions, and that these mills are more likely to
deliver avoidable excess heat.
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Figure 8. Theoretical and process cooling XHT signatures considering annual IEH availability (operating for 7834 h/year
in steady state operation and with seasonal variations ignored): (a) Sédra V&rs; (b) SCA Ostrand; (c) Holmen Iggesund;
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(d) Billerud-Korsnés Karlsborg; (e) FRAM typical pulp mill; (f) FRAM typical integrated mill.
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Figure 9. Estimated specific excess heat availability, as a percentage of excess heat compared to total declared biofuel usage
above 25 °C (left) and above 60 °C (right) in the six studied kraft mills.

In the case of Sodra Ostrand, the availability of IEH is much greater than for the other
mills. This could indicate that modern mills are more likely to deliver larger amounts of
excess heat. This case, however, is based on quotations from experts and typical values,
and not direct measurements, and there is more uncertainty about these results. The typical
FRAM mills show a lower availability of excess heat than the real mills, potentially because
a more detailed analysis of the heat demands and heat sources in the process was carried
out than what was achievable in the studies of the real mills. For the real mills, there
may have been different constraints in the collection of the data for the thermal stream for
practical reasons. If that is the case, the theoretical excess heat estimated for the four real
mills would likely be overestimated, whereas the process cooling excess heat would be
underestimated for the FRAM mills.

5.2. Regression Analysis for Excess Heat

Figure 10 presents the availability of excess heat above 60 °C together with the results
of the linear regression analysis (68% confidence interval) obtained for the six case studies.
As the availability of excess heat is lower at this temperature level and varies broadly
between the case studies, the confidence intervals associated with the estimates are large
(as shown in Figure 10), and become larger for higher temperatures, at temperatures in
which heat availability is more limited and differs significantly between the different mills.
Complete regression results are available in Tables Al and A2 in Appendix A. In general,
for the linear regression coefficients calculated for Equation (3) (see Section 4.2), it is noted
that the results for the market pulp coefficients (m) are higher than for the paper coefficients
(n) (see Tables A1 and A2), which is consistent with the greater availability of excess heat
in market pulp mills than in integrated mills mentioned previously.
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Figure 10. Estimated and regressed results (68% confidence intervals) for the availability of excess
heat above 60 °C for the six kraft mills.

5.3. Low and Medium Temperature Electricity Generation

The estimated low and medium temperature electricity generation from the selected
technologies are shown in Table 9 for the IEH availability estimated from the theoretical
XHT signatures and in Table 10 for the IEH availability estimated from the process cooling
XHT signatures. These results are based on the integration of electricity generation with
ORC technology directly from the estimated IEH availability, and not the regression
results, which are presented later. The percentage increase in electricity production is
calculated based on the integrated steam cycle that was targeted for each mill studied,
and for the total for all the mills based on the declared electricity production of each kraft
mill in Sweden. The estimation based on the theoretical XHT (Table 9) shows that most
mills in the case studies could increase their targeted electricity generation in the range
of 3 to 7% in a theoretical scenario where bark use is minimised by typically utilising
low- and medium-temperature IEH. The exceptions are Iggesund and the FRAM typical
integrated mill, which had relatively low electricity generation targets from conventional
back-pressure turbines of 21 and 88 GWh/a, respectively (see Table 9). The adoption of
the low and medium temperature electricity generation could theoretically increase the
electricity generation by 129% in Iggesund, and by 28% for the FRAM typical integrated
mill. These are both integrated mills, which, as mentioned previously, have a smaller
availability of high-temperature heat from the recovery boiler to be used for cogeneration
in back-pressure turbines. The Iggesund mill was also the integrated mill with the highest
availability of excess heat (see Figure 10); therefore, the very high electricity generation
potential increase is an expected result. On average, the potential for increasing electricity
production in the six case studies is 7%.

Table 9. Estimated annual electricity generation potential from low and medium temperature industrial excess heat in the

six case studies for the theoretical heat integration scenario.

Electricity Generation (GWh/a)

Temperature Sédra Cell _SscA Holmen Billerud-Korsnis FRAM Type FRAM Type Total
Level Viro Ostrand Iggesund Karlsborg Pulp Mill Integrated Mill (Cases)
ORC 60 37 19 21 0 24 20 121
ORC 100 0 52 6 4 0 5 67
ORC 140 0 0 0 2 0 0 2
Total (mill) 37 71 28 6 24 25 190
Integrated 565 1340 21 205 393 88 2612
steam cycle
Increase in
electricity 7% 5% 129% 3% 6% 28% 7%

production !

! The reference electricity production for calculating the increase in production is the integrated steam cycle targeted for each mill in the
scenario considered.
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Table 10. Estimated annual electricity generation potential from low and medium temperature industrial excess heat in the

six case studies for the process cooling heat integration scenario.

Electricity Generation (GWh/a)

Temperature Sédra Cell _SCA Holmen Billerud-Korsnis FRAM Type FRAM Type Total
Level Viro Ostrand Iggesund Karlsborg Pulp Mill Integrated Mill (Cases)
ORC 60 34 40 19 0 0 0 93
ORC 100 0 35 2 6 0 6 48
ORC 140 0 55 1 19 25 13 113
Total (mill) 34 129 21 25 25 19 254
Integrated 631 1342 250 192 260 281 2956
steam cycle
Increase in
electricity 5% 10% 8% 13% 10% 7% 9%

production !

! The reference electricity production for calculating the increase in production is the integrated steam cycle targeted for each mill in the
scenario considered.

The estimation of electricity generation for the process cooling scenario (Table 10)
shows less variation in the potential to increase electricity production across the six case
studies when compared to the theoretical scenario. In this estimation, the mills have
a higher availability of steam due to accounting for bark use, which is partly used to
produce electricity in back-pressure and condensing turbines. The higher increase in low
and medium temperature electricity generation in the case of Karlsborg is related to the
much higher availability of excess heat in the process cooling scenario for this mill, see
Figure 8. In the estimation of medium and low temperature electricity generation in the
process cooling scenario, the average potential increase in electricity production in the
mills is 9%. Note that the references for the increase in electricity generation potential as
a percentage are taken individually from the estimated electricity generation potentials
from conventional steam cycles, which are much higher in the process cooling scenario than
in the theoretical heat integration scenario. In fact, the estimated potential for electricity
generation from ORC using IEH in the process cooling scenario is 33% higher than in the
theoretical heat integration scenario (254 versus 190 GWh/a, respectively).

5.4. Regression Analysis for Low and Medium Temperature Electricity Generation

Table 11 presents the estimated electricity generation potentials from low and medium
temperature excess heat for each temperature level considered, comparing the potentials
for the case study mills that were either estimated using their XHT signatures, or estimated
using the regression models of their excess heat availability. Table 11 also presents the
total potential estimated for all the kraft mills in Sweden using the regression model for
the excess heat availability in each mill. A comparison between the estimation based on
the actual theoretical XHT signatures and an estimation based on the regressed theoretical
XHT signatures for the case studies shows very similar results, and a potential to increase
the electricity production in the case study mills by 7% over the power generation targets
for integrated steam cycles (see Table 9). When considering the totals for all the mills in
Sweden, the regressed values result in a potential increase of 10% in electricity production,
probably with an over estimation of the potentials at higher temperatures (ORC100 and
ORC140), because of the higher uncertainties at these temperature levels for the regressed
excess heat availability. The electricity generation potentials from the regression analysis
for each of the mills in the theoretical scenario are shown in Table A3 in Appendix A.
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Table 11. Comparison between estimated electricity generation potentials and regressed potentials, plus total generation

potentials for all kraft mills in Sweden (theoretical scenario).

Temvperature Level Estimated Total, Regressed Total, Regressed Total,
p Case Studies (GWh/a) Case Studies (GWh/a) All Swedish Kraft Mills (GWh/a)
ORC 60 121 103 275
ORC 100 67 80 251
ORC 140 2 2 8
Total (mills) 190 185 534
% increase 7% 7% 10%

Table 12 presents the results from the regression analysis, but for the process cooling
scenario. As with the theoretical scenario, the results for the individual estimation for
each temperature level are similar. In the process cooling scenario, the regressions for
a few of the smaller integrated mills resulted in negative excess heat in some of the higher
temperature intervals. This is a consequence of the very large negative constant coefficients
(k) and smaller paper coefficients (n) in the regression functions (see Tables Al and A2 in
Appendix A). In the temperature intervals with a negative availability of excess heat, no
excess heat was added to the XHT signature at that temperature level. The regressed values
result in a potential increase of 9% in electricity production. The electricity generation
potential from the regression analysis for each of the mills in the process cooling scenario is
shown in Table A4 in Appendix A.

Table 12. Comparison between estimated electricity generation potentials and regressed potentials, plus total generation

potentials for all kraft mills in Sweden (process cooling scenario).

Temvperature Level Estimated Total, Regressed Total, Regressed Total,
p Case Studies (GWh/a) Case Studies (GWh/a) All Swedish Kraft Mills (GWh/a)
ORC 60 93 100 224
ORC 100 48 59 177
ORC 140 113 119 289
Total (mills) 254 278 690
% increase 9% 9% 13%

6. Discussion

The heat integration analysis was divided in two scenarios. The theoretical heat inte-
gration aimed at providing the availability of IEH in kraft pulp and paper mills as a lower
bound estimation of the excess heat availability, in what can be considered unavoidable
excess heat. Any amount of IEH above the theoretical potential can be considered avoidable
excess heat, at least in a thermodynamic sense [45]. To assess the current availability of
excess heat in all the Swedish kraft mills, the process cooling heat integration scenario
included technical assumptions, such as non-zero AT,,;, driving temperatures for heat
exchange, lower steam turbine efficiencies and constraints in heat integration, such as
the presence of a secondary warm and hot water system. Additional assumptions had to
be made for the process cooling scenario, the most relevant being the estimation of the
amount of bark used in the mills. These estimations include uncertainties related to the
steam header properties, the different types of raw material used in the pulp process, the
load of the mill in relation to the actual production capacity and operating hours, and the
quality of the data reported by the companies. Nevertheless, the results should indicate
representative values.

The electricity generation targets from conventional steam turbines have a large
effect on the availability of excess heat in the mill. Figure 11 compares the electricity
generation targets from conventional steam turbines and declared values by the companies
in the online database used. When considering the process cooling scenario, the declared
generation is close to or exceeds the conventional electricity generation estimated for the
mills, except for the case of Sodra Cell Varo, which indicates that the assumptions for
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the process cooling scenario in this study are actually conservative. Note that for SCA
Ostrand, the estimations were based on a planned reconstruction of the mill and the
declared electricity generation figures for the reconstructed mill are currently unavailable.

30%
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Figure 11. Specific conventional steam turbine electricity generation estimated in this study and declared
values from [69]. Percentages shown as ratio of electricity production and biofuel usage. * The estimation
for Ostrand was based on quotations for a planned reconstructed mill, which only entered operation
recently. Declared electricity generation after the reconstruction is currently unavailable.

The specific IEH heat availability found in the six case studies (Figure 9) shows that,
for most cases, the excess heat available above 60 °C is lower than 15% of the biofuel
energy input into the process. This figure is much lower than broad studies based on
basic sector efficiencies. For example, Persson et al. [24] used a figure of 25% recovery
potential from the pulp, paper and printing sector for excess heat compatible with district
heating (DH) applications. Beer et al. [57] studied energy efficiency in the pulp and paper
sector in Germany and reported that excess heat recovery potentials could result in steam
savings of 9.3% on average and up to 25%. In another study on pulp and paper mills in
Germany, Fleiter et al. [80] reported 21% fuel savings through energy efficiency measures,
and although this figure includes other efficiency measures, IEH recovery is regarded
as the most important. These studies, however, considered the whole pulp and paper
sector, including, e.g., mechanical and recycled pulp, which have very different energy
profiles. The differences in excess heat availability are also related to the differences in
the scope and limitations of the studies. While it is assumed in this paper that excess
low-pressure steam is used in condensing turbines (unless the turbines would be too small),
other studies probably include this as excess heat. Finally, kraft pulping is not as prevalent,
e.g., in Germany as it is in Sweden. Nevertheless, the results obtained here provide more
detail in IEH availability and temperature profiles, which are very useful in analysing the
integration opportunities of specific technologies.

The results presented for the electricity generation potentials for the different ORC
systems are estimations of the technical potential of the power generation technologies.
The estimations for the process cooling scenario represent generation potentials that are
probably close to those of the real mills, given the assumptions based on conditions that
are normally found in Swedish kraft mills. The results for the theoretical scenario give
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a lower bound estimation of what could be achieved in terms of electricity generation from
low and medium temperature IEH.

This study considered that multiple ORC systems could be installed and operated
simultaneously at different temperature levels to maximise the electricity generation from
IEH. In an actual implementation, this is unlikely to be the case, and one temperature
level with optimal efficiency would be chosen. This is because practical considerations
should prevent such arrangements, especially the complexity of installation, considerations
relating to investment costs and economic performance. Competition with other heat
recovery technologies is another factor to be considered, such as direct heat deliveries to
district heating networks, or the integration of heat pumps into the process. In fact, direct
heat deliveries from the Swedish pulp and paper industry have increased slightly over
the years (see Figure 2), but not all mills have heat demands nearby, highlighting the need
to analyse alternative uses for the excess heat in order to increase energy and resource
efficiency in industry. One particularly interesting result is that a considerable amount of
the electricity generation potential is present at 60 °C, about 50% in the theoretical heat
integration scenario and over 30% in the process cooling scenario. This temperature is
typically too low to be used in typical Swedish district heating networks.

7. Conclusions

In this paper, a methodology was presented to estimate the feasible technical poten-
tial for electricity generation from low and medium temperature industrial excess heat
using ORC technology. The methodology is based on an analysis of heat integration op-
portunities in individual kraft pulp and paper mills, in which the availability of excess
heat for individual sites was estimated using detailed excess heat temperature profiles
(XHT signatures). The results for individual sites using XHT signatures combined with
publicly available data for the pulp and paper sector on a national level made it possible to
estimate aggregated results for the whole sector using regression models. Based on such
an approach, this work estimated national potentials for electricity generation from low
and medium temperature excess heat. A technical potential to increase electricity produc-
tion in the Swedish kraft pulp and paper industry by 8 to 11% was found, when compared
to scenarios that evaluated optimal steam cycle integration under theoretical and process
cooling conditions, respectively. The estimations are carried out for different temperature
levels, which present a more detailed account of excess heat recovery potentials than other
studies aimed at estimating potentials for whole sectors.

The methodology applied in the present work could be adapted for other sectors and
regions, increasing the level of detail for excess heat estimations, in order to guide the
strategies for recovery and use of excess heat in different regions and industrial sectors.
Future work can also build upon this methodology to include economic and system aspects
in terms of GHG emissions to obtain economic and feasible potentials for IEH recovery.
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Appendix A

Table A1. Results for the linear regression of theoretical excess heat availability with their standard
deviations (68% confidence interval). The “>” symbol indicates the excess heat available above the
indicated temperature, including the latent heat at that temperature.

Excess Heat

T k (Constant) m (Market Pulp Coeff.) n (Paper Coeff.)

emperature
>140 °C 13.31 4+ 12.985 —0.018 + 0.023 —0.022 + 0.034
>100 °C 46.175 £ 45.046 —0.063 + 0.079 —0.078 £ 0.118
>100 °C —368.99 + 130.11 1.172 £ 0.23 0.966 + 0.341
>60 °C —402.18 £ 149.67 1.597 + 0.264 1.191 4+ 0.393
>60°C —29.998 + 187.25 1.248 + 0.33 0.879 £ 0.491
>40 °C —1097.5 £ 121.24 4.606 = 0.214 3.153 £ 0.318
>40°C —1087.4 £ 111.3 4.84 + 0.196 3.106 + 0.292
>25°C —1087.4 £111.3 4.84 +0.196 3.106 £ 0.292

Table A2. Results for the linear regression of process cooling excess heat availability with their
standard deviations (68% confidence interval). The “>" symbol indicates the excess heat available
above the indicated temperature, including the latent heat at that temperature.

Excess Heat

T k (Constant) m (Market Pulp Coeff.) n (Paper Coeff.)

emperature
>140 °C —70.686 £ 214.28 0.731 £0.378 0.372 £ 0.562
>100 °C —47.636 £ 247.25 0.711 £ 0.436 0.438 + 0.648
>100 °C —311.31 £+ 294.88 1.506 £+ 0.52 1.021 +0.773
>60 °C —582.35 £ 259.54 2.569 + 0.458 1.748 + 0.681
>60 °C —396.59 £ 143.11 242 +0.252 1.428 + 0.375
>40 °C —443.61 £ 194.08 2.7 £0.342 1.625 + 0.509
>40°C —1209.4 + 78.467 5.856 £ 0.138 3.624 £ 0.206
>25°C —1209.4 + 78.467 5.856 £ 0.138 3.624 £ 0.206

Table A3. Estimated low and medium temperature electricity generation potential for each selected generation technology
and each mill, for the theoretical process integration scenario.

Electricity Generation (kW)

Mill ORC 140 ORC 100 ORC 60 Total Mill (kW)

BillerudKorsnis, Frovi 1113 174 46 1333
BillerudKorsnis, Gruvon 2231 2824 0 5054
BillerudKorsnis, Karlsborg 410 106 79 595
BillerudKorsnis, Korsnasverken 2055 2866 0 4920
BillerudKorsnis, Skarblacka 2353 570 45 2969
Holmen AB, Iggesund 2046 494 42 2583
Metsi Board, Husum 2283 4099 0 6383
Mondi Dynés 1071 184 89 1345
Munksjo AB, Aspa 1221 227 110 1557
Munksjo Paper, Billingsfors 0 209 131 339
Nordic Paper Backhammar 1107 203 98 1408
Rottneros AB, Vallvik 1560 212 103 1875
SCA, Munksund 399 112 54 565
SCA, Obbola 1714 519 37 2270

SCA, Ostrand 3079 7319 0 10,397
Smurfit Kappa Pited 2058 2813 0 4871
Stora Enso, Skoghall 2022 3318 0 5340
Sodra Cell AB, Monsteras 2929 4520 1 7449
Sodra Cell AB, Morrum 2703 247 78 3028
Sodra Cell AB, Varo 2746 1067 63 3876
FRAM type pulp mill 2693 62 81 2836
FRAM type integrated mill 2178 1137 20 3334

Total Sweden (kW) 1078 33,280 39,971 74,329
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Table A4. Estimated low and medium temperature electricity generation potential for each selected generation technology

and each mill, for the process cooling integration scenario.

Electricity Generation (kW)

Mill ORC 140 ORC 100 ORC 60 Total Mill (kW)
BillerudKorsnés, Frovi 591 210 881 1682
BillerudKorsnis, Gruvon 0 1078 2475 3553
BillerudKorsns, Karlsborg 850 0 762 1612
BillerudKorsnis, Korsndsverken 0 1409 2101 3511
BillerudKorsnis, Skarblacka 1039 464 1373 2876
Holmen AB, Iggesund 854 416 1180 2451
Metsd Board, Husum 0 357 3391 3748
Mondi Dynas 0 351 167 518
Munksjo AB, Aspa 0 0 534 534
Munks;jo Paper, Billingsfors 0 0 0 0

Nordic Paper Backhammar 0 280 365 645
Rottneros AB, Vallvik 404 0 203 607
SCA, Munksund 492 13 747 1251
SCA, Obbola 705 436 1036 2178
SCA, Ostrand 0 0 3906 3906
Smurfit Kappa Pitea 0 1540 2077 3617
Stora Enso, Skoghall 0 1355 2310 3664
Sodra Cell AB, Monsteras 0 0 3938 3938
Sodra Cell AB, Morrum 1134 238 1984 3356
Sodra Cell AB, Viro 0 878 2912 3790
FRAM type pulp mill 1338 117 1848 3303
FRAM type integrated mill 910 842 1314 3065

Total Sweden (kW) 40,036 23,498 31,118 94,652
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