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XV Abstract

Abstract

Paper drying is the most energy-intensive step in paper making and leads to significant CO»-
emissions at paper mills where fossil fuels are used to generate the required heat. From the
different technologies used for paper drying, multi-cylinder paper drying is the most widespread
method constituting around 90% of the installed capacity. The techno-economic analysis of
energy-efficiency and COz-mitigation measures related to multi-cylinder paper drying is
therefore of key importance for the paper sector to achieve its emission reduction targets.

The first step of this work covers the review of literature on the analysis of energy-saving and
CO.-emission reduction measures in multi-cylinder paper drying. No existing model was found
which encompasses all modules needed for the assessment of COz-saving measures.
Furthermore, waste heat recovery from hood exhaust air using heat pumps and the interactions
between different measures at the drying section of multi-cylinder paper machines have been
very little analyzed.

Thus, a model representing energy and material flows in a multi-cylinder drying section was
set-up in MATLAB which includes black-box models of the hood, the heat recovery system,
the steam cascade and the energy supply system, and a grey-box model of the dryers. The dryer
model was validated with data sets from literature from four different mills.

Thereafter, methods for the energy and economic assessment of measures and combinations of
measures were developed on top of the model, and a new methodology for the construction of
marginal energy-saving cost curves and marginal abatement cost curves accounting for
interactions between measures was proposed to graphically represent the model results.

In the next section of the thesis the developed framework was applied to the drying section of
a German mill to analyse the effect of the replacement of film sizing with curtain sizing, the
replacement of iron cast cylinders with steel cylinders, the closure of the current semi-closed
hood, and the integration of heat pumps using hood exhaust air as a heat source to heat the hood
supply air and generate steam for the dryers. The model results showed that a reduction of the
steam demand by 51.3% (1.79 GJw/tpaper) at the cost of an increase of the electricity demand by
72.1% (0.2 Glei/tpaper) due to the operation of heat pumps is expected at the drying section after
implementing all energy-efficiency measures. For the same combination of measures, the
calculated technical and economic COz-emissions reduction potentials are equal to 0.16
kgcoz/tpaper and 0.12 kgCOZ/tpaper.

Implementing fuel switching from coal to alternative fuels in addition to the energy-efficiency
measures allows to reach a total technical CO.-emissions reduction potential of 0.33 kgco2/tpaper
in the case of a fuel switch to biomass or green hydrogen, and 0.24 kgco2/tpaper fOr a switch to
natural gas or electricity.

Differences ranging from +1.6% to above +200% are observed between the individual and
cumulative values obtained for the energy savings, CO2-emission reduction potential, and the
total annual cost which demonstrates the importance of accounting for interactions when
analyzing the implementation of multiple CO2-emissions reduction measures at a site.
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Kurzfassung

Die Papiertrocknung ist der energieintensivste Schritt in der Papierherstellung und flhrt zu
erheblichen CO.-Emissionen in den Papierfabriken, in denen fossile Brennstoffe zur Erzeugung
der erforderlichen Warme eingesetzt werden. Die Mehrzylinder-Papiertrocknung ist die
weltweit verbreitetste Methode zur Papiertrocknung und entspricht etwa 90 % der installierten
Trocknungskapazitat. Die technisch-6konomische Analyse von Energieeffizienz- und CO;-
MinderungsmalRnahmen in der Mehrzylinder-Papiertrocknung ist daher von zentraler
Bedeutung flr den Papiersektor, um seine Emissionsreduktionsziele zu erreichen.

Als Ausgang der Arbeit wurde die vorhandene Literatur zur Analyse von Malinahmen zur
Energieeinsparung und CO.-Emissionsminderung bei der Mehrzylinder-Papiertrocknung
gesichtet. Nach dieser Recherche existiert kein Modell, welches alle fiir die Bewertung von
CO»-Einsparungsmalnahmen erforderlichen Prozesskomponenten umfasst. AuBerdem wurden
die Nutzung der Abwérme aus der Haubenabluft mit Hilfe von Warmepumpen und die
Wechselwirkungen zwischen verschiedenen Malinahmen in der Trockenpartie wvon
Mehrzylinder-Papiermaschinen bisher nur wenig untersucht.

Darauf aufbauend wurde ein Modell zur Darstellung der Energie- und Stoffstrome in einer
Mehrzylinder-Trockenpartie in MATLAB erstellt, das Black-Box-Modelle der Haube, des
Warmerlckgewinnungssystems, der Dampfkaskade und des Energieversorgungssystems sowie
ein Grey-Box-Modell der Trockner umfasst. Das Trocknermodell wurde mit Datensétzen aus
der Literatur fr vier Papierstandorte validiert.

Anschliefend wurden auf der Grundlage des Modells Methoden fur die energetische und
wirtschaftliche Bewertung von MalRhahmen und MaRnahmenkombinationen entwickelt.
Zudem wurde eine neue Methodik fir die Erstellung von Energieeinspar- und CO:-
Minderungskostenkurven unter Beriicksichtigung der Wechselwirkungen zwischen den
MaRnahmen vorgeschlagen, um die Modellergebnisse grafisch darzustellen.

Das entwickelte Gesamtmodell wurde zur Analyse verschiedener MaRnahmen auf die
Trockenpartie einer existierenden Papierfabrik in  Deutschland angewandt. Die
Modellergebnisse zeigen, dass nach Umsetzung der Energieeffizienzmalinahmen eine
Reduzierung des Dampfbedarfs der Trockenpartie um 51,3 % (1,79 GJw/tpapier) bei
gleichzeitiger Erhéhung des Strombedarfs um 72,1 % (0,2 GJei/tpapier) durch den Betrieb der
Warmepumpen zu erwarten ist. Die berechneten technischen und 6konomischen COo-
Reduktionspotenziale liegen bei 0,16 kgcoz/tpapier und 0,12 Kgcoz/tpapier-

Wird zusétzlich zu den EnergieeffizienzmaRnahmen ein Brennstoffwechsel von Kohle zu
alternativen Brennstoffen durchgefiihrt, kann ein technisches CO2-Reduktionspotenzial von
insgesamt 0,33 kgcoa/tpapier iIM Falle eines Brennstoffwechsels zu Biomasse oder griinem
Wasserstoff, und 0,24 kgcoz/tpapier IM Falle eines Brennstoffwechsels zu Erdgas oder Strom
erreicht werden.

Zwischen den einzelnen und den kumulierten Werten, die fur die Energieeinsparungen, das
CO2-Reduktionspotenzial und die jahrlichen Gesamtkosten ermittelt wurden, sind Unterschiede
von +16 % bis Uber +200 % zu beobachten, welches zeigt, wie wichtig es ist,
Wechselwirkungen bei der Untersuchung mehrerer CO2-MinderungsmalRnahmen an einem
Standort zu berticksichtigen.






Introduction 1

1 Introduction

In 2020, the average global temperature* was about 1.2 °C above the level of pre-industrial
times (WMO 2021). The acceleration of global warming in the last decades is accompanied by
growing physical and financial impacts (WMO 2020). Climate model projections show possible
consequences of a 1.5°C and 2°C global warming and highlight the importance of adopting
rapid and far-reaching measures to mitigate the occurrence of climate and weather extremes,
sea level rise, losses of biodiversity and ecosystems and the associated effects on the world’s
population in terms of health, livelihoods, water supply and food and human security (IPCC
2018). The main cause of global warming is the increase of anthropogenic greenhouse gas
(GHG) emissions which have “unequivocally” enhanced the greenhouse effect of the Earth’s
atmosphere. CO2-emissions constitute around 75% of anthropogenic greenhouse gas emissions
(WRI 2016) and have made the “largest contribution to the increased anthropogenic forcing in
every decade since the 1960’s (Myhre et al. 2013).

The discovery of the greenhouse effect in the atmosphere dates back to the 19" century with
experimental works conducted by Tyndall (1861), and was followed a few decades later by first
quantitative predictions of global warming due to variations in atmospheric carbon dioxide
concentration related to fuel combustion by Arrhenius (1896).

However, consensus-building in the scientific community on anthropogenic global warming
only really began with pioneering work using computer models in the late 1960°s and grew
stronger through the observation of global temperature rise in the 1970’s and the steady
improvement of climate models (Powell 2017).

Thereafter, the topic of climate change shifted from a scientific concern to a pressing political
issue and entered the intergovernmental arena. Counting 197 Parties, the UN Framework
Convention on Climate Change (UNFCC) launched by the UN General Assembly and adopted
in 1992, was the first global agreement aiming to “stabilize greenhouse gas concentrations in
the atmosphere at a level that would prevent dangerous anthropogenic interference with the
climate system.” Industrialised countries were given the major responsibility for fighting
against climate change, without specifying how (Hirst 2020). Since 1992, "Conferences of the
Parties" are held annually to review the Convention and make decisions regarding its
implementation. Consequently, the first binding GHG reduction targets were set for
industrialised countries in the 1997 Kyoto Protocol.

As of January 2021, 189 states and the EU, representing about 97% of global greenhouse gas
emissions, have signed the Paris agreement and thereby committed to “pursue efforts to limit
the temperature increase to 1.5°C”. The parties agreed to submit a nationally determined
contribution (NDC)? and to update it with more ambitious targets at five-year intervals. The
implementation of the NDCs and the achievement of set targets is however not legally binding
(Rajamani and Brunnée 2017). Until now?® 190 parties have submitted their first NDCs but only
40 submitted their due 2020 NDCs, of which at least 8 did not increase their ambition (CAT
2021). At the European level, the NDC submitted by the European Commission on 17"
December 2020 rises the overall greenhouse gas emission reduction target across sectors from
40 to 55% in 2030 compared to 1990. Additionally, a target of zero net GHG emissions in 2050

! Defined as the combined surface air and sea surface temperatures

2 national plans that include mitigation goals at country-level, the actions undertaken to reach those goals, and
measures to adapt to the impacts of climate change.

3 Last update 04.02.2021
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was set in the European Green Deal (EC 2019) and the elaboration of a first European Climate
law containing those targets is in progress, to ensure that all EU policies contribute to this goal
and that all sectors of the economy and society play their part.

To address the causes and effects of climate change, decision-makers take recourse to numerous
policy instruments applied to the different sectors. Those instruments include market-based
instruments which incorporate externalities, like carbon taxes or the cap-and-trade European
Union Emission Trading System (EU ETS), and non-market-based instruments which
encourage/discourage certain behaviors, or impose obligations, like emission standards,
product bans, or research funds.

1.1 CO2-mitigation in the industry

CO.-emissions represent around 91.5% of the industry’s total GHG emissions (WRI 2016).
As shown in Figure 1.1 the industry sector caused 43% of world’s CO2-emissions in 2018, of
which 16% are so-called process emissions, which result from chemical reactions during
industrial processes, and 84% are energy-related.

7%

18% Total final
energy:
157 EJ
18%
O Transport aCoal oail N
O Buildings OGas O Electricity
OOther O Heat OBioenergy

O Industry: Process emissions
O Industry: Energy-related emissions (direct)
W Industry: Energy-related emissions (indirect)

Figure 1.1: Anthropogenic CO»-emissions distribution across end uses in 2018 with electricity and heat
reallocated (left) and final energy consumption in the industry in 2018, including fuel used for blast
furnace, coke ovens and feedstock (right). Source: own representation based on data from (IEA
2020a, 2020c, 2020e).

The industry sector accounted for 37% (157 EJ) of total global final energy use in 2018
(including energy use for blast furnaces, coke ovens and feedstock). Large amounts of direct
energy-related emissions arise because of the local combustion of fossil fuels to cover the
energy demand (see right chart in Figure 1.1), and in particular the heat demand, which
corresponds to 67% of the energy demand (IEA 2018). Indirect emissions are generated off-
site, mainly in the power generation sector.
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CO.-emission mitigation strategies in the industrial sector include a wide scope of options
which aim to either prevent the emissions from arising, or to capture the generated emissions
(Guminski et al. 2017; Fischedick et al. 2014).

Reduction of
industrial
production

Material
efficiency

Carbon
capture

Energy
Efficiency

Figure 1.2: The five pillars of CO.-mitigation in the industry. Source: adapted from (Leipprand et al. 2020)

As shown in Figure 1.2, one way of reducing the amount of generated emissions consists in the
reduction of industrial production. A lower product demand can be reached through the more
intensive use of the products, for example by sharing products between consumers and
extending the product’s lifetime through improved design and material properties (Fischedick
et al. 2014).

Furthermore, increased efficiency of material flows usually leads to energy savings and can be
achieved by increasing the use of secondary raw materials for production, reducing yield losses
during production, and adapting the design of the products so that less amounts of materials are
required (e.g. lighter cars) (Allwood et al. 2012).

A third and essential pillar for CO2-mitigation strategies in the industry is the implementation
of energy efficiency measures. Those measures comprise the operational optimization of
processes (e.g. avoiding unnecessary start-up/shutdowns) and energy management practices,
technology retrofit, addition or replacement in the core production processes, and passive and/or
active heat recovery.

Finally, fuel switching to renewable fuels for local heat and power generation and the
implementation of technologies to capture and utilize or store CO2-emissions represent further
ways to achieve emissions reductions at an industrial site.
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Various obstacles are associated with the implementation of emission reduction options, of
which the most obvious certainly are technological aspects, which include technical risks of
individual technologies and physical aspects like the limited availability of waste materials and
biomass for energy substitution in industry, or a lack of CO: pipeline infrastructure in the case
of carbon capture (Fischedick et al. 2014; IEA 2009).

Financial aspects, like the access to capital in case of high capital expenditure, short investment
payback requirements, high fuel prices, hidden costs or liability risk also play a major role in
decision-making regarding the implementation of emission mitigation options. Worth
mentioning is that the cost of CO.-mitigation rises with the exhaustion of low hanging fruits
solutions and the implementation of more complex and costly technologies (Mehling 2020).
Financial aspects lead certain measures which are relevant from a system-wide perspective to
be hardly applicable at the plant-level. For example, in the paper industry, there is a clear trend
of increasing the production capacity at paper mills to remain competitive, which globally
translates into a shift towards bigger average mills and the closure of smaller ones (Suhr et al.
2015; CEPI1 2019).

Taking into account the financial value of co-benefits of mitigation measures (e.g. new business
opportunities or health benefits for employees) can help reducing financial barriers in many
cases but the monetisation, quantification or even measurement of those non-energy benefits is
often a complex task (Campbell et al. 2014; Fleiter 2012).

Obstacles due to the institutional and legal context like market barriers, rapidly changing
regulatory frameworks or effects of non-energy policies constitute a further type of barrier to
emission mitigation in the industry.

Last but not least, cultural i.e. organisational, behavioural, competence-related, and
information-related barriers also slow down the diffusion or hamper the adoption of mitigation
options. These barriers have been assessed to play a major role in the so-called “energy-
efficiency gap”, i.e. the empirical evidence of high potentials of economic energy-efficiency
measures across sectors remaining untapped (Fleiter et al. 2011; Cagno and Trianni 2014).

1.2 Problematic, objectives and methodology

The pulp and paper industry emitted around 296.4 megatons of CO in 2016 worldwide which
were caused by its high final energy consumption (WRI 2016). Energy costs account for
approximately 10 to 30% of total paper production costs and the steam demand of the paper
drying step is often responsible for more than 65% of the energy demand in the papermaking
process (Laurijssen et al. 2010; Suhr et al. 2015; Mujumdar 2006)

From the different technologies used for paper drying, multi-cylinder paper drying is the most
widespread method constituting around 90% of the installed capacity (Stenstrém 2020). In
multi-cylinder drying sections, steam is required in the drying cylinders and to preheat the hood
air to temperatures of around 100°C, which carries away the large amounts of humidity released
from the paper web. At non-integrated paper mills, the high steam demand for paper drying is
in many cases covered using fossil fuels, causing large amounts of CO2-emissions.
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Paper machines have long lifetimes ranging from 20 to 50 years (Laurijssen et al. 2010) which
leads to a slow uptake of innovations and limits the overall impact new papermaking processes
can have on the overall branch decarbonisation until 2050. Since new paper machines are highly
capital-intensive, incremental changes and the refurbishment and improvement of an existing
plant is often the favored option over the installation of a new paper machine (EC 1994;
Crotogino 2001; Rogers 2018; Laurijssen et al. 2010).

The implementation of energy-efficiency measures at the drying sections and the switch to
greener fuels is therefore of key importance for the reduction of CO2-emissions related to paper
drying, and the quantification of the effect of different options is essential for decision-making
processes related to those options. Modelling tools are required for the analysis of CO»-
mitigation measures due to the wide scope of possible measures and the interdependences
between the concerned units. Due to large fluctuations in economic parameters, the cost-
effectiveness of measures is often hard to determine, especially when combinations of measures
are considered.

In this context the following objectives have been defined for this thesis:

e Development of a modelling framework for the quantification of potential energy
savings and COz-emission reductions reached through the implementation of retrofit
measures at a multi-cylinder drying section and fuel switching for the generation of the
steam supplied to the drying section of a paper machine.

e Extension of the framework to include the economic analysis of these measures and
combinations of measures for different scenarios, and the graphical representation of
energy-saving and emissions reduction costs using energy-efficiency cost curves and
marginal abatement cost curves.

e Application of this framework to a paper mill in Germany for site-relevant measures,
and the analysis of the effect of measure’s interactions on the results, or in other words,
a comparison between the cumulative effect of measure’s combinations and the sum of
the effects of individual measures.

A path consisting of seven main steps was chosen to fulfil the presented objectives:

1. Screening of previous studies on the analysis of energy-saving and CO-emission
reduction measures related to the energy demand of multi-cylinder drying sections in
order to identify main shortcomings of existing models and better define the model
scope and objectives.

2. Development of a drying model for the determination of the temperature and humidity
profiles of the paper web in a multi-cylinder drying section and validation of the model
with literature data sets from four different mills.

3. Extension of the model to include the heat recovery system of the drying section, the
steam cascade, and the energy supply system in order to determine the overall heat
demand of the drying section.

4. Incorporation of methods for the energy and economic assessment of measures and
combinations of measures into the framework.

5. Development of a methodology for the construction of marginal energy-saving cost
curves and marginal abatement cost curves which account for the measure’s
interactions.
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6. Application of the developed framework to the drying section of a German mill in order
to assess the effect of selected measures and measures combinations under three distinct
economic scenarios.

7. Sensitivity analysis: evaluation of the robustness of the model against variations in the
tuning parameters of the drying model on one hand, and uncertainties in the economic
parameters on the other.

1.3 Structure of this work

The structure of this thesis is graphically represented in Figure 1.3.

Chapter 2 provides background information on the paper industry, the paper production process
and on the on-going research on material efficiency and new paper production methods.

Main paper drying techniques and fundamentals of paper drying with a focus on multi-cylinder
paper drying are described in Chapter 3.

In the fourth chapter is presented the State of the Art of multi-cylinder drying models and their
application to the analysis of CO.-mitigation measures, process integration techniques for
assessing retrofits at industrial processes, and energy-efficiency cost and marginal abatement
cost curves developed for plant-level analysis.

The core part of the present work, i.e. the developed framework is detailed in Chapter 5,
followed by the application of the framework to the analysis of measures at the drying section
of a German paper mill in Chapter 6. Finally, a summary of the main results, scope for future
work and final remarks are provided in the concluding Chapter 7.
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2 Overview of the paper industry and decarbonisation perspectives

This chapter starts with a short description of the paper industry and the paper production
process, followed by an overview of the mitigation options identified as game changers in
different roadmaps for the decarbonisation of the industry. Finally, a quick analysis of possible
improvements on material efficiency and new paper production methods is presented.

2.1 The pulp and paper industry

Around 420 million tons of paper and board were produced worldwide in 2018, of which 26%
in China, 17% in the USA, 6% in Japan and 5% in Germany. The paper production in the
European Union (EU28) constituted 22% of the global production in the same year (VDP 2020).
As shown in Figure 2.1 packaging paper grades represent around 60% of the produced paper
and their production is expected to grow further in the coming years with the increase of
electronic commerce (VDP 2020). On the other hand, a steady decline in the production of
graphic papers has been observed in the last years, due to the transition to paperless
communication and digital media. This shift is the driver for paper machine conversion projects
from newsprint or other graphics to containerboard and speciality paper (Berg and Linggvist
2019; Moore 2017; Toto 2019).
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Figure 2.1: Paper and Board Production by main paper types in 2012-2018.
Source: own representation based on data from VDP (2020).

As shown in Figure 2.2, the rise in worldwide paper production was accompanied by a rise of
the final energy demand of the pulp and paper industry which was equivalent to 7 EJ in 2018.
This represents 1.7% of the global final energy consumption in 2018 and makes the pulp and
paper industry the fourth biggest industrial energy consumer. (IEA 2020d, 2020Db)

The share of its CO2-emissions is comparatively low with 0.6 % of the global CO2-emissions,
due to low process emissions and the relatively high share of biomass and biomass-based by-
products of the pulping processes like bark or black liquor as energy carrier (WRI 2016; IEA
2020b). Merely 45% of the raw wood supplied to the chemical pulping processes is returned as
pulp (Cheremisinoff and Rosenfeld 2010) and the wood components lignin and hemicelluloses
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which are discarded in the process are transformed into a liquor qualified as “black liquor” for
the Kraft, and “brown liquor” for the sulphite process. In modern chemical pulp mills, the
combustion of the liquor usually generates enough energy to cover the entire energy demand of
the chemical process and a significant part of the energy required for papermaking, in the case
of integrated pulp and paper production. (Moya, J. A., Pavel, C. C. 2018)

However, in many cases, fossil fuels, mainly gas and coal, are utilized to cover the high thermal
demand of paper production.
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Figure 2.2: Fuel shares of the final energy demand in the Pulp and Paper industry in 2012-2018.
Source: own representation based on data from (IEA 2020b).

As shown in Table 2.1, the specific energy consumption of paper production differs between
paper grades, in particular because of the influence of the product grammage on the steam
demand in the drying section, the effect of machine speed on the power consumption (Valmet
2015a), the use of different paper drying techniques and specific technologies to reach product
properties, like calenders or coating units. Furthermore, the presented values constitute averages
for European paper mills and great variations of the energy consumption (sometimes up to 40%)
have been reported across different paper mills even to produce a same paper grade, due to
different paper machine speeds and unit efficiencies (e.g. heat recovery system, motors).

Table 2.1:  Typical values for the overall specific heat and electricity demand of the production of different
paper grades. Sources: own assessment based on Suhr et al. (2015), Laurijssen (2013), Fleiter et
al. (2013), Moya, J. A, Pavel, C. C. (2018) and Bajpai (2016).

Paper grade Specific heat demand in Specific electricity demand
GJin/tpaper in GJeiltpaper

Newsprint 5.2 19

Woodfree 6.4 2.5
Mechanical 6.4 2.3

Tissue (w/o through-air Drying) 6.7 1.7
Cartonboard 6 2

Case Materials 5.2 1.7

Wrappings 6.5 1.9
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2.2 The paper production process

In conventional papermaking, fibres and fillers are mixed with around 100 times their weight
of process water to a suspension which is subsequently dewatered in multiple steps, in order to
obtain a finished paper with a solids content of 90 to 98% (Beer et al. 1998). Despite
technological differences at the level of the individual units, the overall sequence of unit
operations remains same for the production of all types of papers and boards. First, in the stock
preparation step, different types of pulp and additives are mixed and refined to form the
papermaking furnish. This suspension is then further diluted to obtain a uniform and constant
consistency in a step called “approach flow”, before being uniformly distributed across the
width of the wire belt via the headbox of the up to 250 meters long paper machine. In the wire
section, also called former, the suspension becomes a sheet with a solids content of approx. 15
— 25 % by means of gravity and vacuum. At the end of this stage about 97 % of the water
initially present in the suspension at the headbox is already separated from the paper web. The
paper web is then conducted through the press section where it is dewatered using nips formed
by rolls pressing against each other, and felts that support the sheet and absorb the water, until
a moisture content of 45 to 55 %. A last the paper web undergoes thermal drying at the drying
section using one or several steam-filled drying cylinders to reach a target solids content of the
paper web between 90 and 98 %. Additional process units for surface treatment and finishing,
such as size presses, coaters and calenders are placed either between the drying section and the
reel (online) or outside the paper machine (offline), depending on the paper and board quality.
The steps of the paper production process and the dry substance content of the paper web at the
end of those steps are summarized in Figure 2.3.

Paper machine
|

Dry substance 1% 15-25% 45-55% 90-98%
content

Figure 2.3: Main steps of the paper production process. The process steps marked with * are optional.
Source: own representation.

Table 2.2 shows typical values for the energy consumption of the process steps involved in the
production of case materials. The steam demand of the paper drying step is responsible for more
than 85% of the heat demand and 65% of the overall energy demand, although merely 1% of
the water discarded during the overall process is removed in that section of the paper machine.
Consequently, the relative dewatering costs of the drying section are high and estimated to
represent around 78% of the dewatering costs (Ghosh 2011).
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Table 2.2: Typical specific energy demand of the different process steps for case materials production in Europe.
Note: The process steps marked with * are optional. Source: own assessment based on Suhr et al.
(2015), Laurijssen (2013), Bajpai (2016), Moya, J. A., Pavel, C. C. (2018) and Fleiter et al. (2013).

Process step Specific electricity Main electricity Specific heat demand Main heat
demand in GJeftpaper ~ CONSUMEr in GJ/tpaper and consumer
and share of total share of total heat
electricity demand demand
Stock 0.27 / 15.5% Refiner -
preparation
Approach flow 0.23/13.2% Pumps -
Wire section 0.13/7.5% Vacuum at the -
couch roll
Press section 0.36 /20.7% Vacuum at the press -
suction rolls, Uhle
boxes and drives
Drying section 0.37/21.3% Drives for dryers 4.55/87.5% Dryers
and hood
ventilation
Coating* 0.07 /4% Coat nozzles 0.27 /1 5.2% Infrared
dryer
Calendering* 0.13/7.5% Drives 0.21/4% Calender
rolls
General mill 0.185/10.6% Compressed air, 0.16/3.1% Shrink
services water treatment oven
Total 1.74 5.2

2.3 Decarbonisation roadmaps and the pulp and paper industry

Numerous studies are being conducted to propose deep decarbonisation pathways and assess
their economic impact. Those studies are helpful for decision-making processes of policy
makers and are therefore often commissioned by governments. Table 2.3 shows key
information on the contribution of the pulp and paper industry for a selection of such
decarbonisation roadmaps in different regions. These studies all consider an 80% COz-emission
reduction until 2050, however the analysis scope varies from the pulp and paper industry only
(e.g. CEPI (2011)) to all sectors (e.g. Gerbert et al. (2018) and Bernath et al. (2017)).

The resulting emission reduction target in the pulp and paper industry ranges from a 66% to
98% CO2-emission reduction below base year (1990) level.

To reach these targets a combination of measures at different levels is systematically proposed.
The included measures cover not only changes at the plants like material efficiency in
production, energy efficiency measures to reduce the energy demand of the plants, and fuel
switching in the local energy generation, but also systemic changes, like increased recycling of
products and decarbonisation of national electricity production, on which the paper industry
only has a limited influence. The use of carbon capture and usage or storage is however absent
from the list of proposed solutions for the paper industry, because these technologies are either
not included in the studies due to the high operating and investment costs or are restricted to
the capture of process emissions in the industry and/or energy-related emissions for the power
generation sector.

In the roadmap proposed by the Confederation of European Paper Industries (CEPI), 31% of
the decarbonisation in the branch is reached via fuel mix and the use of best available techniques
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(BAT), a large share of the decarbonisation is outsourced to the grid decarbonisation (27%) and
very high expectations are set on the development of breakthrough technologies (29%).
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Table 2.3:  Contribution of the Pulp and Paper industry to the CO»-emission reduction goals set in diverse
decarbonisation roadmaps developed for different regions and scopes. The reference year for the
energy saving and emission reduction goals is 1990.
General information Information relative to the pulp and paper
sector
Reference / Region/  80% Para- Reduction Measures to reach
. Roadmap CO»- meter target in the for CO2-emission
SIS ElT timeline  reduction Pulp and reduction goal
target in Paper
industry
(Gerbert et al. 2018) Germany  All COz- 95% Biomass, Recycling,
Federation of German  1990- sectors emissions ;nergytl'zfﬁ'?en:{h("; t
Industries (BDI) 2050 ¢ continuity ot the fas
10-15 years)
(Bernath et al. 2017) Germany  All CO»- 66% Fuel switching, energy
German Federal 2010- sectors emissions efficiency, recycling
Ministry of Economics 2050 Energy
and Technology 42.5%
) demand
(BMWi)
(Briindlinger et al. Germany  All Energy 29% Fuel switching, Heat
2018) 2015- sectors demand recovery and waste heat
German Energy 2050 utilization (Heat
Agency (Dena) pumps), recycling
(Repenning et al. 2015) Germany  All Fuel 43% Fuel switching, energy
German Federal 2010- sectors demand efficiency, recycling
Ministry for 2050
. Power .
Environment, Nature 48%
. demand
Conservation and
Nuclear Safety (UBA)
(Lenaghan and Mill Scotland  Industry  CO- 98% Energy efficiency
2015) 2012- emissions (40%), biomass (40%),
Scottish Government 2050 grid decarbonisation
(20%)
(CEPI 2011) Europe Pulpand CO»- 80% Breakthrough
E _ 1990- Paper emissions technologies (29%),
uropean association . .

. 2050 grid decarbonisation
representing the paper 27%). Best availabl
industry (CEPI) i), Besavelliols

technologies (21%),

Fuel mix (10%),

transport (10%)
(Wising et al. 2015) UK 2012- Pulpand CO»- 80% Biomass, Heat recovery
Government of the 2050 Paper emissions on hoods, Improved

United Kingdom

process control
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2.4 Material efficiency and new paper production methods

The aim of this section is to provide some general information on material efficiency potentials
before presenting a brief overview on alternative production methods, which are still in the
development stage.

2.4.1 Increasing the share of recycled paper as raw material for paper production

The production of recycled pulp requires approximately 5.7 times less energy than the
mechanical pulp and 8.3 times less than chemical pulp production (Moya, J. A., Pavel, C. C.
2018). Thus, the reduction of the energy demand in the pulp and paper industry goes hand in
hand with an increased use of recycled paper as a raw material. This difference in energy
consumption is even greater when accounting for the energy consumption of the upstream
processing steps, i.e. cutting, transporting, and sawing the wood for virgin pulp, compared to
transporting recycled paper to the processing plant for secondary fibres.

Beyond energy savings, using recycled paper for paper production has further environmental
advantages, since it helps reduce pressure on the world’s forests, reduces the use of chemical
and allows to save up to 60% water (UBA 2012). In 2019, the recycling rate of paper was equal
to 78% in Germany, 72% in Europe, while the global average was 59.1% (ICFPA 2021; EPRC
2020; VDP 2020).

Unfortunately, paper cannot be recycled endlessly. The quality and length of the fibres
decreases with each recycling loop and a share of secondary fibres is therefore discarded
continuously. However, despite a widespread information according to which fibres can be
recycled up to maximum 6 or 7 before becoming too short and therefore useless in papermaking
(UBA 2012), recent discussions with industrials as well as tests conducted by Putz and Schabel
(2018) suggest that this number is much underestimated and certain grades like cartons can be
recycled up to 25 times, or even more. Average use of paper fibres is 3.6 times in Europe,
whereas the world average is around 2.4 times (EPRC 2020).

An increase in the use of recycled fibres in paper production depends on the availability and
quality of recovered paper and on the potential for the use of secondary fibres in the paper
industry.

Regarding the availability of recycled fibres, it is important to note that certain types of paper
are not available for collection in first place, like most hygiene papers and those used as
component for other products as e.g. insulation materials, that cannot be recycled back into new
paper products.

Moreover, increasing the availability of collected paper highly depends on the local collection
infrastructure and policies, the tools used to communicate and enforce the rules, and of course,
on the behaviours. Increasing the amount of collected paper often goes hand in hand with a
decrease of the collected paper quality. This is especially true when the collection rates are
already high, since industrial and trade sources are then already tapped and possibilities to
increase recovery lies only in the waste coming from households.

Maintaining quality standards for collected paper is however essential for the recycling process.
Not all the consumed paper and board is recyclable due to different types of contaminants, like
plastics, adhesive substances, food waste and grease. The contaminated paper is either
discarded in the sorting plant, or often also in the paper mill itself, during the pulping step.
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The quality issue is made worse when so-called commingled collection systems are in use, in
which all recyclable materials are collected in a single container. Waste paper obtained after
sorting such mixed waste typically includes up to 20% of unusable materials like glass or cans,
compared to 1% when a source separated collection method is used (Miranda et al. 2013). Waste
paper of such a low quality is difficult to use as a raw material in paper mills since it can
significantly lower the product quality and even damage the mill equipment (Miranda et al.
2013). Consequently, in the last decades, low-quality paper waste was usually sent to processing
plants in Asia, in particular China. However, the "National Sword" policy enacted in January
2018 in China, set new quality requirements on the imported paper (as well as on other types
of waste), which led to the saturation of the wastepaper market with low-quality paper in Europe
(which used to send around 5% of collected paper to China), and in other regions. The
consequence is critical price drops for wastepaper and an endangered profitability of paper
collection. Such events highlight the importance of improving the collection methods to
minimize wastepaper contamination as far as possible and reducing the international
dependence on waste processing infrastructures.

On the demand side, all paper and board products, apart from high grade paper, can be
produced, at least partly, from secondary fibres. In fact, many mills that produce corrugated
board, cardboard packaging or newsprint use almost exclusively secondary fibres. Other grades
are often produced with a mixture of primary and secondary fibres, to meet paper strength
specifications (CEPI 2019; Hillman et al. 2015). Higher quality secondary fibres are typically
used for higher grades, whereas low quality recycled paper is used for newsprint or board.

The increase in packaging paper and board i.e. low grade production compared to other grades
shall lead to an increased demand for secondary fibres, and to a decline in the quality of
recovered paper as a consequence of a higher proportion of non-paper materials in wastepaper.

In general, in order to achieve even higher recycling targets and maintain the production of
primary fibres as low as possible, actions should be taken on the product design, to account for
both the intended purpose as well as the end-of-life of the product. Examples to prevent
“upstream” contamination are the reduced use of plastic layers in paper packaging and
colouring chemicals, and using more soluble inks from renewable and recyclable raw materials
(CEPI 2020).

2.4.2 Alternative raw materials to wood-pulp

Before the middle of the nineteenth century, herbaceous biomass like cotton, straw and flax
were mainly used as a raw material for paper production.

Later on, the increasing paper demand led in most countries to a shift to wood as a raw material,
among others because of its year-round availability and its high density which facilitates its
transport and storage (Eugenio et al. 2019; Ashori 2006).

China and India constitute an exception in this regard since they belong to the very few
countries where non-wood materials, such as corn straw, bamboo, reed and bagasse are
currently used in great extent and make up to 70% of the used cellulose fibre in the local paper
industry (Liu et al. 2018).

The shortage of wood fibres, long transport routes, and the high energy and water consumption
in paper production, have caused a renewed interest for alternatives to wood-fibres (Eugenio et
al. 2019; Hanecke 2019; Abd El-Sayed et al. 2020).
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Non-wood plant fibres used in pulp and paper industry come from three main types of sources.
First, the cheap agricultural residues such as straw of rice, corn or wheat plants, sugarcane
bagasse and banana pseudo-stem which have a moderate quality and are abundant at a specific
time of the year, after the harvest. Then, the annual plants such as bamboo, reeds or grass and,
lastly, the non-wood crops grown for their fibre, like cotton or jute.

These raw materials typically grow faster and have a more porous structure than wood and, in
most cases, a lower lignin content, which means less energy and chemical requirements for
separating fibres during pulping (Ashori 2006).

As for fibres coming from different wood types, fibres from non-wood plants have varying
chemical compositions and physical properties, which have a big impact on the properties of
the final paper product. Since wood fibres have particularly good strength properties, the
incorporation of non-wood fibres is likely to play the role of a partial substitution and not a
complete replacement of wood fibres.

One promising example for the use of non-wood pulp in the paper and board industry is the use
of grass as a substitution for wood pulp and recycled pulp up to 50% in packaging (Cruse et al.
2015). The company Creapaper holds a patent for processing grass into pellets which are now
used at several plants in Germany (Cruse et al. 2015). Grass presents volume-generating
properties, which leads to substantial material savings compared to normal fibre mixtures to
achieve a certain paper basis weight and grass paper can be recycled like other paper types
(Hanecke 2019). Furthermore, the energy required for preparing this raw material was assessed
to be around 50% lower than in RCF pulp production, and 90% lower than in wood pulp
production (Terlau et al. 2017).

As a conclusion, there is clearly some untapped potential regarding the use of non-wood fibres
in papermaking (Ashori 2006) which could lead to significant costs- and energy-savings. More
research is needed to develop adequate pulping processes and pulp mixtures which allow to
reach the desired product properties (Liu et al. 2018).

2.4.3 Increasing the share of fillers in paper production

Although fibres constitute the main raw material used for paper production, diverse chemicals
are added in significant amounts to the process. The Confederation of European Paper
Industries assessed the share of non-fibrous materials to be equal to 12.7% of the total mass of
input raw materials in paper production in Europe in 2018 (CEPI 2019).

Additives that improve the operation of the paper machine, like biocides and defoamers, are
mostly used at the wet end of the paper machine and qualified as process additives.

On the other hand, functional additives, like mineral fillers and dyes, contribute to reaching
specific product properties, such as printability or opacity (Dulany et al. 2011).

The advantages of mineral fillers are presented in Hubbe and Gill (2016), one of which is their
low price, which represents typically 10% of the price of the same amount of fibre (Stumm
2007). This explains their increased use in paper production in the past decades to rise the basis
weight of paper cost-effectively.

The production of common fillers, like kaolin and calcium carbonate, also requires significantly
less energy than pulp production and can therefore have a positive impact of the energy demand
in the paper sector.
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However, beyond a certain filler content, which differs across the grades, the mechanical
product properties are impaired. Modification on fibres and filler particles, and the addition of
chemicals to reach higher filler content are object of ongoing research and development works
and provide good hopes that further innovations can be expected in the decades to come (Hubbe
and Gill 2016; Kong et al. 2016a).

2.5 Alternative papermaking methods

Beyond the modification of raw materials composition, several research projects are dedicated
to developing new papermaking processes, in order to increase product properties and/or
resource efficiency.

In the current papermaking process, large quantities of water are used to prevent lumps from
forming in the fibre suspension. This leads to high energy requirements since on the one hand,
the water has to be pumped and cleaned in the loop and, on the other hand, it needs to be
removed from the paper web.

Dry-sheet-forming, DryPulp and Cure Forming are alternative processes which aim to reduce
the use of water in the paper industry.

In the Dry-sheet-forming process, fibres are dispersed either mechanically or by so-called air
laying techniques. In air laying, the fibres are dispersed in the air to form a sheet, which are
then bonded to each other either by resins or by a polymer latex sprayed on the web (Beer et al.
1998). In the first case, the resins are polymerized by air-heating or hot pressing of the sheet,
and in the second case, the web is dried in a drying chamber filled with hot air.

The air laying technology allows a higher production rate and better control of air flows
compared to mechanical processes. A typical production line consists of fibre preparation, web
formation, web consolidation and finishing. Dry-sheet-forming is implemented at 15 locations
worldwide but only for specific sanitary and speciality papers (Beer et al. 1998). Also, despite
the fact that significant savings in thermal energy of 50% might be achieved at the cost of a low
rise in the electricity consumption in the range of 150-250 kWh/t paper, this technique has not
been transferred to papers produced in larger quantities, because of technical issues regarding
the paper quality and a lower production speed (Kong et al. 2016a).

Another possible process for waterless papermaking is the process of dry pulping and cure
forming, which was among the finalists of the innovation challenge “Two Team project”
conducted by the CEPI (2013). First, the fibres are treated to protect them from shear forces,
and, in a next step, they are dissolved in a highly viscous solution called "DryPulp”, which has
a maximum fibre concentration of 40 %. The DryPulp is then hardened by mechanical forces
in the so-called cure forming process to achieve a fibre content of approx. 80 %. Depending on
the requirements of the end product, the paper web is also treated with additives or further
processes. The combination of these two technologies ("DryPulp™ and "Cureforming™) enables
the sheet to be produced as a layered product with specific properties.

Further research is needed for the development of the optimal DryPulp composition, for the
process technology for mixing and pumping the viscous solution and for the technology for
forming and curing (CEPI 2013).

At last, it is also conceivable to replace the water in the fibre-water suspension in conventional
papermaking by another medium, such as foams, ethanol, or supercritical carbon dioxide, that
can be separated from the fibres with less energy input.
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Results from a pilot installation of a conventional paper machine, adjusted for foam-forming at
VTT in Finland, showed that the dryness of the web may be increased by 2 to 3% at the end of
the press section, when compared to the traditional water-laid technique (Kiiskinen et al. 2019;
Lehmonen et al. 2019). Since a 1%-unit increase in web dryness, leads to around 4% less water
to be removed and subsequently around 4% of required drying energy, this indicates that
savings of around 10% could be achieved in the drying energy. According to the authors, this
technology can be implemented on conventional paper machines without the replacement of
any major component, merely some adjustments are required, in particular at the headbox.
With foam-forming different paper structures and properties can be achieved compared to
traditional papermaking, such as uniform and lightweight webs from coarser fibres, thereby
achieving material savings. Furthermore, it allows the use of other types of fibres in the process
to manufacture novel products. The start-up company Paptic in Finland has recently taken
foam-forming to an industrial scale by starting the production of a material having
characteristics similar to plastic but made of wood fibres (Paptic 2021).

Even greater savings are expected in the thermal energy required for dewatering the web using
ethanol or supercritical CO2 (CEPI 2013). However, to the author’s knowledge, no tests have
been conducted in pilot installations yet. It remains uncertain whether overall energy savings
would be actually achieved, in particular because of the difficult assessment of the additional
electricity needed in those cases.

In conclusion, several alternative paper production processes are in development which may,
in the long term, contribute to the decarbonisation of the branch. However, whether one of these
processes will constitute a real competitor to the current papermaking process remains highly
uncertain.
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3 Paper drying fundamentals

The first part of this chapter deals with fundamental notions of paper drying and the following
one is dedicated to the implementation of paper drying in the industry. The last section provides
key information on diverse aspects of multi-cylinder paper drying which are relevant to the
developed model presented in Chapter 5.

3.1 Thermal drying of paper

Drying is the removal of a liquid, usually water, from a solid, gas or liquid, by means of a carrier
gas, or sometimes under vacuum (Keey 1992).

Thermal drying is one type of drying process, where the moisture is evaporated by transferring
heat to the product via convection, conduction or radiation (Neikov et al. 2009). It is a complex
process that involves simultaneous heat and mass transfer, accompanied by physicochemical
transformations. The driving force for the mass transfer of water is the difference between the
vapor pressure in the product and the partial pressure of water vapor in the carrier gas (Olson
2013). Thus, maintaining a low partial vapor pressure in the carrier gas through proper
circulation is the second important process-controlling factor for thermal drying, apart from
efficient heat transfer (Earle 1983).

The drying rate is determined by an ensemble of factors affected by heat and mass transfer. Its
evolution throughout the drying process is typically represented as a drying curve, like the
theoretical representation shown in Figure 3.1. For constant drying conditions over the whole
drying process, three distinct drying phases take place: the warm-up, followed by a period of
constant evaporation and finally a phase of falling evaporation rate.
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Figure 3.1: Typical Drying curve. Source: adapted from (Ghosh 2011)
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Knowledge on the structure of wet paper is essential to understand those different drying stages
in the case of paper drying. Paper fibres have a cylindrical shape with a hollow centre called
lumen. The fibre walls are porous and made of intricate cellulose and hemicellulose fibrils
arranged into layers called lamellas. Both the type of wood used and the pulping method have
a large influence on the fibre porosity (Tysen 2018; Karlsson 2006).

In moist paper, water resides in inter-fibre pores, in the lumen, and within the fibre wall, divided
into macro- and micro- intra-fibre pores. Those locations are illustrated in Figure 3.2. The water
in inter-fibre pores, in the lumen and in the macropores is called free water. Bound water is
located in the micropores in the cell walls and in hydrophilic groups (Maloney and Paulapuro
1999; Heikkild and Paltakari 2010). These various water locations and interactions with the
fibre lead to different transport mechanisms of the water within the paper web and play a major
role in the drying kinetics of the different drying phases (Weise 1997).

Lumen Inter-fibre pores
+ Water (1) Fibre wall with + Water (1)
intra-fibre pores
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Lamellas of
o 5 75 cellulose and
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Qe with micropores
&
.,
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Figure 3.2: Different locations of water in a moist paper web. Source: adapted from (Baggerud and Stenstrém
2000)

During the first drying phase, the rate of water evaporation increases with the rise in the web
temperature, until equilibrium is reached between heat transfer to the web and water
evaporation, represented as point A in Figure 3.1.

There starts the second drying phase, in which evaporation further occurs at the web-air
interface and continues as long as water is present as a continuous phase in the web
(Schneeberger 2014). The water is transported from the web bulk to the surface as a liquid, due
to a gradient of the capillary pressure. At this stage, the removed water termed as “unbound
water” is located between the fibres or in large pores.

In the 3™ drying phase, all the remaining water is physically or chemically bound to the fibres,
the waterfront recedes into the sheet, which causes the water located in micropores to evaporate
within the sheet and to travel to the web surface via diffusion through the gas-filled pores of the
web (Baggerud 2004). The slower gas diffusion process as compared to capillary flow, the
increasing distance between waterfront and web surface, stronger water-to-fibre bonds, as well
as the decreasing thermal conductivity of the sheet and higher contact resistance between the
cylinder and the paper web all contribute to the falling drying rate in this last drying phase
(Ghosh 2011). Since water is removed at very high energy costs in this last drying phase, special
attention should be given to not overdry the paper.
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It is important to note, that the three drying phases are part of a theoretical scheme and that in
practice, the constant rate phase rarely exists, because the drying conditions vary over the drying
process (Ghosh 2011).

3.2 Drying techniques in the paper industry

As seen in the previous section, energy needs to be supplied to the paper web in order to heat
the water and the fibres, vaporize the water, and desorb the water bound to the fibres. Paper
drying techniques that are commonly used in industrial systems are presented in section 3.2.1
and alternative technologies subject of past or ongoing research are described in section 3.2.2.

3.2.1 Industrial paper drying techniques

Industrial techniques for paper drying are based on different types of heat transfer processes,
namely convection, radiation, and conduction.

Because of its cost-effectivity, contact drying using the latent heat of condensation of steam is
the mechanism used in multi-cylinder drying which constitutes around 90% of the installed
paper drying capacity (Slatteke 2006; Stenstrém 2020). Multi-cylinder drying is largely used
for paper, board and coat drying as shown in Table 3.1. More information on this drying
technique is provided in Section 3.3.

Both conductive and convective heat transfer modes are used in tissue production, where the
paper is typically dried using one big steam-filled cylinder, the Yankee cylinder, around which
hot air at a temperature in the range between 250 and 700°C is circulated. The use of this
technology for tissue paper is due to the necessity of creping the paper web in order to obtain
the required lower paper density and increased caliper.

Convective drying using hot air, called impingement, is also common in the production of
coated papers where contactless drying technologies are needed. Sometimes convective drying
is used for increasing the capacity of multi-cylinder paper machines.

To improve the bulk and absorbency of the product, the pressing step in tissue production is in
a few cases (at around 10 mills in Europe, according to Stenstrom (2020)) replaced by an
energy-intensive through-air drying unit, in which hot and relatively dry air is drawn through
the web.

Finally, heat transfer through radiation using electric or gas-heated infrared (IR) drying is
common for moisture profiling of the paper web and contactless drying of coated papers. In
certain cases, it also used for capacity extension in dryers with limited space because of the
high heat fluxes generated on a comparatively compact system (Stenstrém 2020; Lucidi 2020).
However, the efficiency of IR units is rather low (between 25 and 55%) and electricity and gas
remain expensive energy sources.
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Table 3.1:  Distribution of drying technologies used in the paper industry. Source: (Karlsson 2010)

Dryer Industry share (%) Grades Distribution (%)
Multi-cylinder 85-90% Tissue 5
Paper 95
Board 95
Coating 35
Yankee 4-5 Tissue 84
Paper 0
Board 3
Coating 0
Infrared 3-4 Tissue 0
Paper 1
Board 1
Coating 15
Impingement 2-3 Tissue 0
Paper 4
Board 0
Coating 50
Through-air 1-2 Tissue 11
Paper 0
Board 0
Coating 0

3.2.2 Alternative paper drying technologies

The development of alternative paper drying technologies in order to increase drying rates (and
thereby the production capacity) and energy efficiency has been the target of numerous research
projects. The technologies reviewed in the present section are based on different heat transfer
mechanisms, heat sources and energy carriers. While certain technologies are meant to replace
entirely the cylinder drying system, others are conceived as an add-on to the conventional
drying section.

In the Condebelt process, the paper web is compressed between two steel belts at pressures of
up to 10 bars. The upper side of the paper web is put in direct contact with a steel belt heated
by steam at 110 to 160°C whereas the lower side of the web is supported by a wire. Water
escapes from the lower side of the web, travels through the wire, condenses on the second steel
belt located below the wire, which is cooled with water at around 80°C, and is evacuated using
pressure and suction. This technology was developed over 40 years ago and was applied twice
at industrial scale, of which only one is still running, in Finland. Although the drying rates are
increased and steam savings are estimated to around 15% compared to the traditional paper
drying process, the fact that steel bands are moved at high speed leads to complicated and costly
design, which may be the reason that the technology did not spread over the years (Stenstrom
2020).

Impulse drying combines mechanical and thermal drying by pressing the paper web under 2 to
10 MPa against a roll heated with electricity at temperatures between 250 and 450°C.
Experiments suggest that the dry solid content of paper may reach 65% using this process which
could lead to substantial steam savings in the drying section (Kong et al. 2016a). Although
significant resources have been spent on the development of this technology, impulse drying
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has not been implemented at industrial scale yet, because of issues in paper quality and the use
of the expensive energy carrier electricity (Stenstrom 2020).

A further possibility to increase the heat flux to the paper web is to fire a fuel (e.g. natural gas)
inside the drying cylinders to reach higher surface temperature. Drying rates increased by 2 to
4 times compared to steam-heated cylinders for drum temperatures up to 320°C have been
reported (Stenstrom 2020; Chudnovsky 2004). Since the development of this technology in the
1980s, a few gas-fired dryers have been installed in the United States and Canada and they may
be installed in new or existing systems, to increase the production capacity, or reduce the energy
consumption. The payback period was estimated to be below 1 year by Chudnovsky (2004).
The fact that this technology supposes individual units for gas combustion and flue gas
circulation at each cylinder and an efficient heat recovery system for the exiting flue gases to
not loose in efficiency constitute obstacles to its implementation in particular for retrofit cases
(Stenstrém 2020).

In microwave drying, the energy is directly absorbed in the material containing water. This
technology has been tested successfully for paper drying several times since the 1960s and no
damage to paper quality was reported. High drying rates can be achieved, and interesting
applications are to heat the web in the press or drying section, in particular for high basis weight
paper grades since the energy absorption efficiency increases with greater water loads.
Although a feasibility study showed that paper machine speeds could be increased by 30% and
the energy consumption reduced by 20% (Ahrens et al. 2003), microwave paper drying has not
been implemented in industrial systems so far, because of the low energy efficiency of the
microwave generator, the high electricity consumption and high capital costs (Kong et al.
2016a).

The combination of convective drying using hot air impingement and multi-cylinder drying
allows to have more compact systems and a higher drying rate, a good flexibility in terms of
speed variations which is beneficial for fast grade changes, and, in the case of single-tier
configurations, more uniform moisture profiles throughout the web thickness. (Stenstrom
2020). Such concept is implemented in the OptiDry Vertical proposed by the company Valmet
which is an impingement dryer with gas burners that is installed under the existing drying
section and has been installed in numerous paper machines in order to increase production
capacity (Valmet 2015b). No significant reduction of the specific energy consumption has been
reported compared to an extension of the drying section (Valmet 2010; Williamson 2015;
Mende 2009).

Similarly, the Pulp and Paper Research Institute of Canada developed and successfully tested
the so-called Papridryer on a pilot machine where large cylinders similar to the Yankee
cylinders used in tissue drying are enclosed in an impingement hood. Ten times higher drying
rates were reported than in conventional dryers (Poirier et al. 2004; Pikulik 2006). The three
Papridryers that were installed in industrial paper machines were removed after rebuilds due to
high fuel costs and efficiency issues (in a specific case of heavy weight coated paper). This
technology has good potential for new paper machines or capacity improvements (Stenstrom
2020; Poirier et al. 2004; Crotogino 2001).

As an alternative for hot air, impingement with superheated steam has also been investigated
(McCall and Douglas 2006). However, avoiding that the paper web entrains too much air when
entering the hood filled with steam is a clear challenge (Stenstrom 2020).
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In summary, several alternatives to the conventional paper drying techniques based on different
heat transfer techniques have been developed in the last sixty years which failed to conquer the
market so far due to a variety of reasons of technical and economic order.

The initial motivation for the development of several of these technologies was to increase the
drying rate as compared to the double-tier cylinder configuration installed in the drying sections
in the 1960’s for which the production capacity could not be increased due to speed limits. The
successful development of single-tier dryers (see section 3.3.1) in the 1980’s which allowed
smaller incremental changes at the paper machines was a disincentive for the implementation
of successfully developed alternatives like the Papridryer and the impulse dryer (Crotogino
2001). In general, because it is highly capital-intensive, the paper industry is risk-averse and
many small incremental developments are thus preferred above bold changes (Crotogino 2001).
Whether one of the alternative technologies would lead to significant energy-savings at the
drying section of paper machines remains unclear.

3.3 Multi-cylinder paper drying

In the drying section of a multi-cylinder paper machine, the paper web is conducted at speeds
up to 2000 m/min through 20 to 170 iron or steel drying cylinders with a typical diameter of 2
meters filled with slightly over-saturated steam (Stenstrom 2020; Suhr et al. 2015).

For grades of paper and board that will be coated or printed, the drying section consists of a
pre- and a post-drying section. After entering the drying section, the paper web is dried a first
time, until it reaches the moisture content of the final product. Then it goes through a size or a
film press, where a starch solution is applied to increase its surface strength. To remove the
high humidity of the starch solution, the paper is dried a second time, in the post-drying section.
If the paper web is subsequently coated, it goes through a third final drying step, based on
cylinder, infrared, impingement, or a combination of those drying techniques.

3.3.1 Cylinder layout

Traditionally, the drying cylinders are placed in two rows in a so-called double-tier
configuration, where the paper web is conveyed through the drying section and maintained in
close contact with the dryers using two distinct dryer fabrics for the upper and lower cylinder
rows (see left chart in Figure 3.3). The sections between the rows are called free draws, and the
paper web is unsupported in those zones. Those free draw areas are the cause of a bottleneck
for the capacity increase of the paper machine since the risk of paper breaks in the earlier part
of the paper machine is high. To address this issue, the single-felted configuration was
developed, in which a single fabric wraps both the top and bottom cylinder rows. However, in
that configuration the dryer fabric is sandwiched between the cylinder and the paper web in one
of the dryer rows, which reduces the heat transfer from the cylinders to the paper web (TAPPI
1992). For this reason, single-felt sections nowadays run as single-tier configuration where the
cylinders in the bottom row are either empty or vacuum rolls of a smaller diameter than the
dryers, in order to counteract the effect of centrifugal force and to increase the wrapping angle
of the dryer row (Ghosh 2011; Holik 2013).

Although the drying section of many production sites has been modified to have at least the
first cylinder groups, where the paper web is most fragile, operated as single-run, the double-
tier configuration remains the most common cylinder configuration.
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Figure 3.3: Double-tier (left) and single-tier (right) drying section configurations. Source: adapted from
(Ghosh 2011)

The drying cylinders are arranged in groups, where all dryers of a group have a common steam-
supply header. The steam groups at the beginning of a drying section are operated at low
pressure, from slightly below atmospheric pressure up to 5 bar, for a smooth heating of the
paper web, whereas the cylinders in the steam groups at the end of the drying section are
supplied with steam at pressures between 3 and 10 bar, to remove the bound water from the
paper (Karlsson and Oyj 2000). Higher steam pressures in drying cylinders are not common
due to the need of more expensive materials and higher security requirements (Berlin 2020).
The rotation speed of the cylinders is the same within each group and adjusted between the
groups to control the contraction of the paper web occurring during drying throughout the
drying section (Li 2001).

3.3.2 Condensate behaviour and removal

The condensate in the drying cylinder has a different behaviour, depending on the dryer speed,
the steam pressure, the dryer diameter and the volume of condensate in the dryer (TAPPI 1983).
At slow speeds, a puddle of condensate forms at the bottom of the dryer, which moves in the
direction of dryer rotation and widens with increasing speed. At higher speed, the puddle
extends over the horizontal centreline and cascades, as gravity forces overcome centrifugal
forces. Beyond a certain speed (around 300-400 m/min for a dryer of 1.5 m diameter according
to (TAPPI 1992)), centrifugal forces overcome gravity and the condensate forms a layer of
uniform thickness called rim along the dryer wall. Those three behaviours are illustrated in

Figure 3.4.

\\\,//

Ponding Cascading Rimming
Figure 3.4: Different condensate behaviours in drying cylinders. Source: adapted from (Olson 2013)
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The behaviour of the condensate that forms in the dryers highly affects the overall heat transfer
from the steam to the paper web. Although the very turbulent conditions in the cylinder in the
cascading stage lead to the best heat transfer, most modern paper machines are operated at
speeds well above rimming (Valmet 2012).

Since the thickness of the condensate rim highly impacts the heat transfer, the good functioning
of the condensate removal system is of central importance. Condensate is collected from the
cylinder wall and channelled out using a siphon, which works with a pressure differential
between the dryer steam supply and condensate return headers.

The two main types of siphons used in drying cylinders of paper machines are represented in
Figure 3.5.
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Figure 3.5: Schematic of a stationary siphon (left) and a rotating siphon (right) in a drying cylinder of a paper
machine. Source: adapted from (Othen 2014)

Stationary siphons are fixed to a point outside the cylinder and consequently do not rotate with
the cylinder. The required differential pressure (p; — p,) of such siphons has to be sufficient to
overcome frictional resistance and to lift the condensate against the gravity to the centre of the
dryer (TAPPI 1983).

Rotating siphons are attached to the inside surface of the dryer shell and require higher
differential pressures than stationary siphons at high speeds since they must overcome frictional
resistance and lift the condensate against the centrifugal force to the centre of the dryer (TAPPI
1983).

To ensure the continuous removal of condensate, operating differential pressures are kept above
the minimum required. This causes a share of the inlet steam, called “blow-through” steam to
exit the dryer without condensing. The ratio of blow-through steam to condensing load typically
represents 10-15% for stationary and 15-25% for rotating siphons (TAPPI 1983; Ghosh 2011).

The installation of spoiler bars at regular intervals along the cylinder wall in machines operated
at speeds above rimming speed, leads to increased turbulent conditions in the condensate rim.
Increases by up to 50% of the overall heat transfer coefficient were reported for machine speeds
of 1400 m/min (Polat and Mujumdar 2006; Ghosh 2011).
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3.3.3 The steam cascade

After leaving the drying cylinders, the mixture of condensate and blow-through steam of each
steam group is conducted to a steam-condensate separator as shown in Figure 3.6. Since the
pressure in the separators is lower than the pressure of the inlet mixture, a share of the
condensate flashes. The condensate stream is often used for heat recovery before being
conducted to the boiler house, whereas the steam from the separator is reused in the process.
In most cases the flashed steam from higher steam groups is supplied to lower steam groups in
a so-called steam cascade. This configuration is particularly beneficial for dryers equipped with
stationary siphons since the pressure differential is rather low (in the range 0.1-0.2 bars) in such
cases. The use of thermocompressors to boost the flashed steam using high pressure steam and
thereafter feeding it back to the same steam group is a common technique for the Yankee
cylinder in tissue production and for certain multi-cylinder paper machines equipped with rotary
siphons.
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Figure 3.6: Schematic of steam system configurations at the drying section of a paper machine. The steam
cascade is represented in orange colour and the configuration based on thermocompressors in green.
Source: adapted from (Kdrting 2010)

3.3.4 Heat and mass transfer resistance

Although the condensate layer often constitutes the major resistance to heat transfer in dryers
with rimming condensate (TAPPI 1992), other aspects need to be considered when trying to
improve the heat transfer efficiency between the steam and the paper sheet.

As illustrated in Figure 3.7, the cylinder shell (usually made of iron cast), the space between
the dryer shell and the paper web, and the paper web itself do also constitute barriers to heat
transfer. The tension applied on the paper web through the dryer fabric minimizes the air layer
between the dryer and the sheet and thus increases heat transfer (TAPPI 1992).
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Figure 3.7: Cut-away drawing of a dryer cylinder showing layers exerting heat and mass transfer resistance.
Source: adapted from (Ghosh 2011; Mujumdar 2006)

Convective heat transfer between the sheet and the air plays only a minor role in multi-cylinder
drying because of rather low air speeds and temperature differences (Lang 2009). Experimental
work conducted by Wilhelmsson and Stenstrom (1995a) showed that the fabric, when it is
placed between the sheet and the air has a negligible influence on the heat transfer between the
web and the air. This is the case at all dryers in the double-tier configuration and in the free
draw areas and the upper cylinders in the single-tier configuration, as shown in Figure 3.8.
Furthermore, the same authors, showed that the fabric acts as a barrier to the migration of water
vapor to the surroundings and reduces mass transfer by 30% to 50% (Wilhelmsson et al. 1996).

dryers

\5<

empty/vacuum rolls

felt
— paper web

Figure 3.8: Location of the fabric in double- and single-tier (right) drying section configurations.
Source: own representation.
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3.3.5 Heat and mass transfer in paper drying
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Figure 3.9: Schematic representation of the paper web in the contact and free draw areas.
Source: own representation.

In multi-cylinder paper machines, the drying process takes place through the combination of
web heating, in the zones where the paper web is in contact with a drying cylinder, and mass
transfer of the water in the web to the surrounding air, mainly in the areas between the cylinders
(called free draw areas) and at vacuum rolls in single-tier configurations. A schematic
representation of the paper web in the contact and free draw areas is provided in Figure 3.9.

These physical processes can be mathematically expressed as an ordinary differential equation
(ODE) system of the variation of paper web humidity x, and temperature T, along an

infinitesimal length element dl in the paper machine direction.

In the literature, the expression for the variation of the humidity along dl is expressed either
using the Fick’s law (Ghosh 2011; Yin et al. 2016) or the Stefan’s law (Wilhelmsson et al.
1996; Roonprasang 2008; Kong and Liu 2012).

In the first case, the vapor mass flow at the web-air interface is caused purely through diffusion
of vapor in air, which is considered a realistic assumption for low vapor concentrations.

On the other hand, the Stefan’s law considers air diffusion that occurs in the opposite direction
of the vapor mass flow (towards the web-air interface) as a result of the concentration gradient
of vapor in air. As the web-air (liquid/vapor) interface is impermeable to air molecules, an
upward bulk flow, called Stefan flow, maintains the vapor pressure at the interface. These mass
transfer processes are illustrated in Figure 3.10.

Considering the high amounts of evaporated water in the paper drying process, the approach
using the Stefan’s law is preferred for this work. According to the Stefan’s law, and assuming
that water evaporation occurs only at the paper web surface, the evaporation rate of water of
the paper Web g4, is expressed as follows (Persson 1998; Slatteke 2006)*:

. KM, Dtot <Ptot - paw) .
Jevap =~ IN| ——— (Sl Units) (1)
evap RTp Ptot — Ppw

4 The detailed derivation of equation (1) is presented in Appendix A.
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where pg,, and p,,, correspond to the partial pressure of vapor in air and at the paper web

surface respectively, K represents the convective mass transfer coefficient of vapor between the
paper web and the surrounding air, T, the temperature of the paper web, M,, the molecular
weight of water, R the ideal gas constant, and p,,, the atmospheric pressure.
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Figure 3.10: Schematic of the evaporation induced Stefan flow at the paper web-air interface. Source: adapted
from (Zhang et al. 2020)

At the contact areas, mass transfer occurs only on one side of the paper web, and thus the
evaporation rate can be written as:

) dm,,
Qevap = dA - dt

2)

where dA is an infinitesimal area of the paper web of length dl and width w, and dm,, the

variation in mass of paper web along the infinitesimal element dl.

At free draw areas, water evaporation takes place on both sides of the web. Assuming that the
temperature and humidity is same on both sides of the paper web, the evaporation rate can be
expressed as:

) dm
Qevap = det (3)

Additionally, the variation in mass of paper web dm, is related to the difference in web
humidity dx,, along dl:

dmy, = —dA " Ggry - dx, (4)

where G, is the dry basis weight of paper in kgary solia/m?.
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The variation of the temperature of the paper web along an infinitesimal element of paper web
is determined using an energy balance. At the drying cylinders, the energy balance includes
condensation heat of the steam transferred via conduction, the energy exchanged with the
surrounding air via convection, and the energy of phase change of the water evaporated from
the web:

dx,

evap W =0 (5)

aT,
~Garyv(cr + cwxp) =+ Usp(Ts = Tp) + hpa(Ta = ) + GaryvAH
where T; is the temperature of steam, v the speed of the paper machine, Uy, the heat transfer
coefficient between the steam and the paper web, h,, the convective heat transfer coefficient
between the paper web and the air, ¢, the specific heat of the fiber, c,, the specific heat of water
and AH.,,q, the enthalpy of water evaporation.

In the free draw areas and the empty/vacuum rolls in single-tier, only the two latter types of
heat transfer (convective and latent) occur.

3.3.6 Humid air and drying section hood

The driving force of mass transfer in multi-cylinder paper drying is the difference in the partial
pressure of water vapor at the web surface and the surrounding air.

Assuming an ideal air-water vapor mixture, the partial pressure of water vapor in air pg,, IS
related to the absolute humidity of air x, by the following relationship (Heo et al. 2011; Slatteke
2006)°:

Xa

Paw = mpwt (6)

The dew point temperature of air is the temperature below which air is saturated with water
vapor and condensation occurs. The relationship between the dew point temperature and the

corresponding vapor pressure at saturation is given by the Antoine’s equation (Nilsson 2004b;
Yin et al. 2016):

3816.44 )

psat(T) = 0.133322 - exp (18.3036 - m

(7)

The enthalpy of humid air H, may be approximated to the sum of the sensible heat of dry air
and water vapor, and the latent heat of water vapor (Yin et al. 2016; Pflugradt et al. 2009) :

H, = (Cpa + xq va)Ta + xaLvapO (8)

Where L, 4y, is the vaporization enthalpy of water at 0 °C at atmospheric pressure in KJ/KQwater
and H, the enthalpy of humid air in kJ/kgary air.

The drying section in paper machines is usually enclosed by a hood through which air is blown
at a temperature of at least 90-100°C in order to remove the evaporated water in the vicinity of

® The detailed derivation of equation (6) is presented in Appendix A.
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the sheet and to control the temperature, humidity and air flow around the sheet (Slawtschew
2020). A dew point temperature above which no condensation occurs in the hood is usually
guaranteed by hood manufacturers (Laurijssen et al. 2010). This is an important parameter since
condensation in the hood can lead to paper quality issues and inefficient drying (TAPPI 1979).
Despite higher requirements in terms of hood inlet air temperature, a high operation dew point
is a desired characteristic of drying section hoods since in that case the drying air can take up
more water (as per equations (6) and (7)) which allows the dimensioning of the hood air
circulation system at reduced air flow, and thus leads to lower investment costs and lower
operating costs for ventilation. Furthermore, exhaust air flows at higher temperature lead to
higher heat recovery potentials.

Different types of drying section hoods are represented in Figure 3.11 and their main
characteristics are provided in Table 3.2. Open-canopy hoods typically have a roof with four
walls extending from the roof down to around 2.5 meter above the operating flour, whereas
closed hoods present movable and sheet opening doors to better isolate the drying section from
the machine room and often enclose the basement level for a controlled drying environment

(TAPPI 1979).
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Figure 3.11: Types of hoods in the drying section of multi-cylinder paper machines. Source: adapted from
(TAPPI 1979)

Table 3.2:  Dew point temperature and exhaust air humidity and temperature for different types of drying
section hoods. Source: based on (Karlsson 2010)

High-performance Medium-humidity Open-canopy hood

closed hood closed hood
Typical exhaust air humidity, 0.168 - 0.180 0.120 - 0.140 0.050 - 0.100
kQwater/KQaryair
Dew point, °C 60.8 - 62.8 55.7 - 58.5 40.3-52.5
Typical exhaust air 80-90 75-85 50-70
temperature, °C
Typical leakage air ratio, % 10-30 20-40 50-70

of exhaust air mass flow
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A Mollier chart (as the one in Figure 3.12) provides a convenient way to visualize the different
states of humid hood air during the paper drying process, as well as the effect of the dew point
temperature on the heat recovery potential. The horizontal axis represents the absolute humidity
and the vertical axis the dry bulb temperature. Curves of constant relative humidity are plotted,
and the curve of 100% relative humidity (marked in red in Figure 3.12) is the saturation curve
for which the dry bulb temperature corresponds to the dew point temperature, and the absolute
humidity to the maximum humidity which air can take up before condensation occurs. A
transformation at constant specific enthalpy of air happens along the oblique isenthalpic curves.

The evolution of the hood air temperature and humidity for an open-canopy and a closed drying
section hood is represented in Figure 3.12. The hood air comprises the hood supply air which
is heated before entering the hood and the leakage air from the machine room (see “leakage air
ratio” in Table 3.2). Since the drying process in multi-cylinder paper occurs because of
conductive heat transfer (and not of convective heat transferred from the hood inlet air), the
evolution of the humid air during the drying process (indicated with number 2) is non-
isenthalpic. At the end of the drying phase the hood air humidity is equal to the maximum
humidity tolerated for the hood, which in the case of the closed hood with dew point 63°C is
equal to 0.177 kgwater/KQdry air, more than double the amount tolerated for an open hood with dew
point 50°C (00863 kgwater/kgdry air)-

At the end of the drying phase a part of the energy from hood exhaust air is recovered to preheat
the hood supply air. As a consequence, the hood exhaust air is cooled down, first without any
condensation occurring (phase number 3) and then, once the dew point temperature is reached,
along the saturation curve (phase number 4).

Since the temperature of the hood exhaust air is higher in the case of the closed hood (67.5°C
vs. 60.4°C for the considered case), the supply air can be preheated to higher temperatures
during heat recovery, which leads to a lower steam demand for air conditioning.

Furthermore, the temperature of the hood exhaust air after heat recovery is at a higher
temperature which increases the waste heat recovery potential.
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Figure 3.12: Mollier chart featuring the states of hood air during paper drying in an open-canopy and a closed

drying section hood. Source for Mollier chart: formulas presented in (Gatley 1997)
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4 State of the Art

In this chapter, an overview of existing models of multi-cylinder dryers is presented, followed
by the description of previous works on the effect of retrofit measures in multi-cylinder paper
drying. The shortcomings of those studies and the underlying models are analysed in regard to
the goals of the present work.

Then, process integration and more specifically the use of this ensemble of techniques for
retrofit design and CO2-emission mitigation in the industry is briefly discussed.

The next section deals with the use of energy-efficiency and CO-emission abatement cost
curves as a decision-making tool for individual industrial sites, and in which extent measure’s
interactions have been accounted for in past studies.

Finally, key directions for the present work are derived based on the literature review in the last
section of this chapter.

4.1.1 Models of multi-cylinder drying sections

Because of the importance of the drying step on the product quality and the overall energy
consumption of the papermaking process, numerous models of the multi-cylinder drying
section are available in the literature.

First modelling attempts date back to the middle 1950’s with the works of Nissan and Knye
(1955). Their definition of the four phases of conventional cylinder drying remains a keystone
of many current models.

In a detailed model review, Wilhelmsson et al. (1993) observed that the models of the drying
section initially focused on improving the energy use and the design of dryers, instead of the
paper quality. Since then, models have been extended to include temperature and humidity
gradients in the width and thickness of the paper web.

Whether developed to understand phenomenon occurring within the paper web and calculate
paper properties at different locations in the paper machine, or to analyse aspects related to
energy consumption, most models are based on a detailed description of heat and mass transfer
processes between the paper web and the cylinders on one side, and the paper web and the air

on the other side.

However, the level of detail differs since models focussing on paper quality (e.g. (Karlsson and
Stenstrom 2005) and (Gaillemard 2006)) often choose a dynamic analysis of the processes
within the paper web and include temperature and humidity gradients in the width and thickness
of the paper web (three dimensional), whereas the studies focussing on improving the energy
efficiency of the drying process (e.g. (Kong and Liu 2012) and (Schneeberger 2014)) favour a
static approach and consider gradients within the paper web only along the paper machine
direction (one dimensional).

In any case, the choice of heat and mass transfer coefficients have a significant impact on the
model results and thus their determination is at the centre of several works (e.g. (Akesson and
Ekvall 2006), (Slatteke 2006)). Since the determination of the exact values of these parameters
often remains a challenge, it is common practice to use certain heat or mass transfer parameters
as fitting parameters when applying the developed model to a real production site (e.g. (Ahrens
and Rudman 2003), (Slatteke 2006)).

The effect of the felt used to support the paper web throughout the machine on drying
performance was first analysed in the late 50’s and is highlighted in (Wilhelmsson and
Stenstrom 1995a) and (Lang 2004). Wilhelmsson and Stenstrom (1995b) showed that the effect
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of the fabric on mass transfer can be summarized in a so-called Fabric Reduction Factor applied
on the mass transfer coefficient between the paper web and the air. In addition, the same study
showed that the effect of the felt on the heat transfer can be considered negligible.

For models to be adaptable to different paper types (i.e. different basis weights), they must
account for the effect of paper thickness on the heat and mass transfer. Wilhelmsson and
Stenstrom (1995b) showed that the use of a lumped parameter accounting for both conduction
and evaporation/condensation phenomena within the web gives good results, even for thicker
paper grades like board. This approach allows to reduce computing times considerably
compared to more detailed approaches.

4.1.2 Previous analysis of CO2-mitigation measures in multi-cylinder paper drying

A common method to identify energy savings potentials in an industrial process is the energy
audit. It allows to make a diagnosis of a process and results in a list of improvement suggestions
concerning the operation of the process, but also possible retrofit measures. Good examples of
such analysis at paper mills are provided in Li et al. (2012), Chen et al. (2016a) and Kong et al.
(2013). Different evaluation methods are used to quantify the effect of the identified energy-
saving and CO-mitigation measures, as for example the use of estimations derived by
experience, benchmark tools and simulation models. Since the first two mentioned methods
often lack accuracy and present clear limitations in the case of the assessment of measure’s
interactions, the overview provided in this section focuses on studies using thermodynamic
analysis and simulation tools.

Using thermodynamic analysis and graphical tools Laurijssen et al. (2010) assessed the energy-
saving potential of three central energy-efficiency measures at a paper mill, the implementation
of which, according to the authors, shall allow to save around 15% of the total primary energy
use: applying additives in higher consistencies, increasing the dew point temperature of the
drying section hood, and using exhaust air to not only pre-heat the incoming air but also to
increase process water temperatures and thereby improving dehydration on the wire. The
drawback of this simple calculation method is the use of simplifications for example
considering that the cylinder steam is used only for water evaporation, which leads to rather
high inaccuracies in the results.

The analysis of the effect of operational and structural changes to be made in processes is one
of many applications fields of model-based simulation tools (Chen et al. 2016b). A critical
review of some recent works dedicated to the assessment of operational and structural changes
using simulations is presented in the following paragraphs.

Ghodbanan et al. (2017) developed a nonlinear programming optimization framework based on
a drying section model described in Ghodbanan et al. (2015). In this optimization framework
the equality constraints correspond to mass and energy balance relationships on functional
blocks of the paper drying process and inequality constraints correspond to process parameters
such as production capacity or operating conditions. The objective is to minimize the steam
consumption in the whole drying section. The optimization framework was applied to the
drying section of a multi-cylinder fluting paper machine plant in Iran, the equivalent cost
savings were calculated, and the additional electricity costs due to the ventilation of higher mass
flows were assessed.
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Chen et al. (2016b) proposed a method based on site-specific benchmarks to identify saving
potentials and a simplified drying section model to analyse the impact of changes in process
parameters. Later on, Chen et al. (2019) developed a physical model for paper drying in single-
tier paper machines including the heat recovery and steam cascade. The application of the
model to a mill in China resulted in suggestions regarding the amounts of steam to be supplied
to the cylinders and the workload of the ventilation equipment, those measures were
implemented, and the steam savings measured. The authors do not mention whether the
measured savings match the model predictions. The cost and CO2-mitigation impact of the
process improvements are not mentioned in this work.

Li et al. (2011) calculated the minimum steam consumption required per unit evaporated water
and the related economic impact after optimizing process parameters in two different paper
machines. Paper drying is modelled as a black box where the relationship between steam
consumption and evaporated water is obtained via fitting. The value for the hood supply air
temperature is higher than the minimum specified and the obtained values for hood air humidity
are rather low compared to usual values.

Yin et al. (2016) assessed the energy savings of the replacement of a semi-closed with a closed
hood in the multi-cylinder drying section of a paper machine located in China with a model
based on the physical description of the drying process. The model includes the heat recovery
system in order to evaluate the steam required for air pre-heating but does not cover the steam
cascade and therefore the overall steam demand of the system is not calculated.

Schneeberger (2014) used a simulation tool integrated within the interface of a process control
system to perform cost optimization in the drying section of four paper machines in Austria.
The analysis covered the effect of operational changes, like a lower hood air inlet temperature
or the impact of a reduction of leakage air in the hood, and structural changes like replacing
certain ineffective infrared dryers or integrating thermo-compressors between the steam
network and the steam cascade. The cumulative effect of the implementation of several
measures is not quantified in this work.

Kong and Liu (2012) built a model covering the drying section, the heat recovery system and
the steam cascade of a paper machine. Paper drying is modelled as a black box and the impact
of lower hood air temperature and increased exhaust air humidity on the specific heat
consumption is described. Later on, Kong et al. (2016b) used the same model to assess the
individual effect of changes in parameters like inlet paper temperature and exhaust air humidity
on the drying efficiency of a drying section.

Lindell and Stenstrom (2006) developed a modular process modelling tool which they then used
to perform a thermodynamic and economic comparison between a multi-cylinder dryer and a
combined multi-cylinder/air impingement dryer coupled with a heat pump to supply heat to a
district heating network from the humid exhaust air streams.

Kong et al. (2011) proposed a new waste heat integration scheme for a paper machine after
establishing energy and exergy balances on the drying section and for that given plant.

Treppe et al. (2012) analysed waste heat recovery options including heat pump integration at
four different paper mills. Whereas the exhaust air from the drying hood after direct heat
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recovery is the only heat source considered for the heat pump, the three following heat sinks
were considered: process water, steam for the drying cylinders and hood supply air. As a result,
the use of a heat pump for heating process water was not recommended due to a limited seasonal
demand. Also, a low coefficient of performance of 1.9 due to a large temperature lift was
assessed for the heat pump used to generate steam so that the authors came to the same
conclusion. A more beneficial picture was drawn in the case of heat pump integration to heat
supply air since important steam savings at a reasonable cost were calculated in that case.

Sivill et al. (2005) looked at the effect of operational changes on the heat recovery systems in
paper machines using thermodynamic models and thereby demonstrated the need of site-
specific solutions and continuous operational optimization to maintain good system
performances. Later, Sivill and Ahtila (2009) used the same simulation models to assess the
effect of retrofit measures in the existing heat recovery systems on steam consumption.

Manninen et al. (2002) analysed the impact of retrofitting multi-cylinder drying sections with
impingement and impulse drying technologies on the efficiency of the local energy system, in
that case a combined heat and power (CHP) system. The authors showed that since the
efficiency of CHP systems is highly dependent on the fuel to power ratio, radical changes in
the process require a redesign of the local energy system, for example by replacing the
conventional steam boiler with back pressure turbine with diesel or gas turbines systems (with
HRSG units) in order to have an optimal operation.

Following conclusions are drawn from the surveyed literature.

- Previous model-based studies in which both heat demand reduction and improvements
of the heat recovery system are investigated, are based on simplified (black box) models
of the drying section which limit their applicability for the analysis of a wide scope of
options.

- The cumulative effect of several structural changes, in other words, the interaction
between several measures, has been very rarely accounted for in previous works, where
the effect of structural measures was assessed only for individual measures.

- Most energy models of the drying section include the heat recovery system but only
very few include the steam cascade. In order to correctly assess energy-savings and
related CO2-emission reductions at the process level, it is important to include the steam
cascade since one ton of steam saved at the dryers is not equivalent to one ton of steam
saved in the process.

- Although several studies deal with the improvement of heat recovery networks in paper
mills, only little attention has been given to the integration of heat pumps to increase
the recovery of waste heat. Since measures reducing the heat demand of the drying
section impact the heat recovery and waste heat recovery potentials, wide-scope models
are needed for the integrated assessment of measures.

A summary of the reviewed literature is presented in Table 4.1.
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Table 4.1:  Scope of the developed and reviewed models for the assessment of energy-efficiency and CO»-emission reduction measures in multi-cylinder paper drying
Model Measures Results
Drying section .
detail® Object of measure(s) Type CO, Cost

black  grey Steam Boiler Heat Heat Heat Operation  Retrofit More In'ger- savings savings

box box cascade demand  recovery supply than 1?  actions
Godin (2022) X X X X X X X X X X X X
Yin et al. (2016) X X X
Schneeberger (2014) X X X X X X X X X
Ghodbanan et al. (2015)
Ghodbanan et al. (2017) X X X X
Kong etal. (2011) Kong
and Liu (2012) Kong et al. X X X X X X X
(2016b)
Lietal. (2011) X X X X
Chen et al. (2016b)
Chen et al. (2019) X X X X
Sivill et al. (2005)
Sivill and Ahtila (2009) X X X X
Manninen et al. (2002) X X X X
Treppe et al. (2012) X X X
Laurijssen et al. (2010) X X X X X X X
Lindell and Stenstrém

X X X X X

(2006)

& The energy demand of the drying section is an exogenous variable for the models where the drying section is neither indicated as black box nor as grey box.
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4.1.3 Process integration

Since it is an omnipresent subject in scientific (theoretical) works on the assessment of energy-
efficiency and ecological improvements of industrial processes, a brief presentation on process
integration and its application to retrofit design is provided in this section.

Process integration appeared with the energy crises of the 1970’s, under the form of the pinch
analysis, a graphical tool for heat integration, and developed over the years to become a family
of methodologies based on heuristics, thermodynamics (graphical) and mathematical
programming, used to combine several parts of processes or whole processes in manufacturing
and power plants for reducing the consumption of resources or harmful emissions into the
environment (Klemes$ and Kravanja 2013).

Since heuristic methods are not expected to produce accurate results (Nelson and Douglas
1990), graphical and mathematical programming techniques became the two main schools of
concepts in process integration and are often used jointly, the pinch analysis for targeting energy
savings and generating ideas, and mathematical programming for determining the best of these
ideas after including material and costs dimensions to the optimization problem. A good
example for the extensive and combined use of different pinch analysis tools for the heat, power,
combined heat and power and CO.-emissions integration at a whole industrial park, called Total
Site in the terminology of process integration, is presented by Abdul Aziz et al. (2017). The
weakness of the thermodynamic methods is that they cannot be used simultaneously with
material balances, thus process streams need to have fixed values of flow rates and temperatures
and often non-optimal flow rates and temperatures are obtained (Lang et al. 1990).

In algorithmic methods, the structural alternatives are modelled in a superstructure using mixed
integer nonlinear programming (MINLP), where discrete variables typically correspond to
structural decisions (e.g. the presence or absence of a heat exchanger) and continuous variables
to operational parameters and/or dimensional aspects (e.g. area of heat exchanger). Because of
the complexity of the problems, those methods can only guarantee a local optimum to the
problem (Kovac and Glavic 1995).

Those techniques were initially mostly utilized for grassroots design (Klemes§ and Kravanja
2013) and cannot be directly used for retrofit, since rigorous process models are required in
order to describe the current operating process which increases considerably the complexity of
the corresponding optimization problem (Klemes et al. 2013; Lee et al. 2016; Zhelev et al.
1998). To overcome this difficulty, Lee et al. (2016) limited the process alternatives considered
for the retrofit of a CO capture pilot plant using a thermodynamic analysis, not without
mentioning that this selection could lead to overlooking the optimal solution. Similarly, and to
not cause the existing sites too much change, Chen et al. (2013) limited to one the number of
additional new units purchased for each type of equipment considered for the retrofit of a
existent steam plant in a petroleum refinery.

Although considerable steam savings can be reached by optimizing and retrofitting processes
and the related HEN systems, the economic benefit at the plant level is difficult to establish
because of strong interactions with the site utility systems. Thus, Varbanov et al. (2004)
developed the Top-level analysis, a stepwise optimization procedure based on the accurate
simulation model of the utility system, in order to determine the true marginal price of steam at
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the different pressure levels. These prices can be used as indicators when taking decisions on
process modifications and utility system retrofit.

An interesting contribution because of its ambitious scope was made by Gharaie et al. (2015)
who developed a retrofit strategy for the site-wide mitigation of CO2-emissions in the process
industries. The authors adapted the onion diagram for process synthesis proposed by Smith
(2005) to the analysis of CO2-emissions reduction measures (see Figure 4.1) in order to present
the sequence for the assessment of retrofit measures at an industrial site. The emission reduction
options considered in the case study do not include process changes but the retrofit of heat
exchanger networks (HENS), the operational optimization of the utility system and fuel
switching at the total site. The generation of retrofit options for the HEN (including structural
changes) is carried out using mathematical programming and the most cost-effective retrofit
options at the total site level are selected using graphical methods which account for retrofit
capital investment, energy costs and CO.-prices. Afterwards, the operation of the utility system
is optimized by minimizing the operating cost (i.e. power import/export costs, fuel cost and the
cost associated with CO2-emissions) under the constraint that the energy requirements of the
processes are satisfied. At last, if the set emission reduction target has not been reached after
the two previous steps, the most economic fuel switching strategy is determined analysed using
a graphical representation. Partial fuel switching is also considered since it may be more
beneficial than total fuel switching in certain cases.

Worthy to mention here is that the analysis of fuel switching measures which involve changes
at the process level, like the electrification of the glass melting process, should be included in
the first step of the assessment procedure, i.e. within the category “process changes”.

Process
changes

Heat recovery

Utility system

Fuel switching of
the energy supply

Figure 4.1: CO,-emissions reduction diagram. Source: adapted from Gharaie et al. (2015).

From the literature reviewed in this section it becomes clear that the generation of retrofit
alternatives for heat exchanger networks and utility systems constitutes a highly complex
problem which requires a lot of computing resources. It is usually the scope of individual
analysis and considered separately from retrofit measures which concern the core processes.
Since the focus of this work lies on the assessment of retrofit measures which lead to a reduction
of process heat demand, the heat recovery options and other retrofit measures to be
analyzed/simulated will be defined a priori, while accepting the risk of missing the optimal
design in the case of heat exchanger networks and utility systems. This decision is supported
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by the fact that the number of possible retrofit options is usually restricted by a high number of
constraints, as for example practical engineering constraints (e.g. limited space for equipment)
or limited capital for investment (Min et al. 2015), which leads to a small number of options to
be simulated.

4.1.4 Energy-efficiency cost and marginal emission abatement cost curves for the
analysis of individual plants

Energy-efficiency cost curves (also called energy conservation cost curves) and marginal
abatement cost (MAC) curves are widely used in academia, governments and the industry to
capture the economic and technological potential of energy-efficiency and CO2-emission
reduction measures. Differences in regard to the included sectors, regional scope, considered
time frame lead, and method for the generation of these curves lead to a wide variety of shapes
(Kesicki 2010).

Energy-efficiency cost curves were developed in the continuity of the concept of supply curves
of conserved energy proposed by Meier et al. (1982), by extending the notion of economic
worthiness of a measure from the only consideration of its investment cost to further economic
penalties and benefits, as for example the cost savings induced by reduced fuel consumption.
With the growing challenge for policy makers to develop carbon emissions abatement
strategies, the supply curves of conserved energy and energy-efficiency cost curves were
adapted for the representation of CO.-mitigation measures from the early 1990s and have
become a widespread tool in the last decade, especially due to the abatement cost curves
published for various countries by McKinsey and Company (Kesicki and Ekins 2012).

The structure of an energy-efficiency cost curve and marginal abatement cost (MAC) curve is
represented in Figure 4.2. For their construction the measures are first ranked in order of
increasing marginal cost and then represented as a step function where the y-axis corresponds
to the marginal energy-saving cost or marginal CO2-emission reduction cost of each measure
and the x-axis corresponds to the cumulative annual potential final energy savings or
cumulative annual potential CO2-emissions reduction, respectively.

The economic potential corresponds to the value of the cumulative annual potential final energy
savings/cumulative annual potential CO,-emissions reduction for which the marginal cost of
measures is negative.
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economic energy-
efficiency potential

_I_ Cumulative annual potential final energy savings [GWh/a]
Cumulative annual potential CO,-emissions reduction [ktcoo/a]

< >

economic CO,-mitigation potential

Marginal CO,-emission reduction cost [EUR/tco,]

Marginal energy-saving cost [EUR/MWHh] /

Figure 4.2: Schematic representation of an energy-efficiency cost curve/marginal abatement cost curve.
Source: own representation.

Although traditionally used in wide-scoped analysis, for example to display potentials at the
scale of a country or a whole industrial sector, several recent studies (e.g. the works of Berghout
et al. (2019), Chan et al. (2016) and Min et al. (2015)) show that energy-efficiency cost curves
and MAC curves also provide a useful basis for decision-making at the level of individual
plants.

Min et al. (2015) developed a high-level screening methodology based on the construction of
MAC curves in order to facilitate the comparison between different retrofit options at an
industrial site. The methodology was applied to the analysis of four CO2-emissions reduction
options in a refinery: the operational optimization of the site utility system, the retrofit of the
heat recovery system, fuel switching from coal to LNG, and end-of-pipe CO. capture. The
expected savings are based on rough assessments and the interactions between retrofit options
are not taken into account.

Chan et al. (2016) built MAC curves to illustrate the impact of energy-efficiency measures, the
energy optimization of the utility systems, onsite power generation, fuel switching to natural
gas and carbon capture and storage options at the largest Brazilian refinery. There again the
effect of measure’s interaction is neglected.

The negligence of interactions between measures when assessing specific costs and abatement
potential is a common criticism against MAC curves used in policy analysis (Kesicki and Ekins
2012). However, the non-inclusion of interactions seems to be due to the complex quantification
of those interactions and missing data, rather than a limitation of the visualization tool itself.
Flatau (2019) developed a methodology for the evaluation of interdependent cross-cutting
energy efficiency measures, applied it for assessing the energy-saving potential of the German
plastics processing industry, and showed that neglecting interactions between measures leads
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to an overestimation of the economic final energy saving potential by one third. The results
were represented in form of energy-efficiency cost curves.

Berghout et al. (2019) examined four deployment pathways featuring a wide scope of GHG-
mitigation measures in a petroleum refinery in Europe using MAC curves. Certain overlaps
between the mitigation options in the overall GHG reduction potential and the avoidance costs
were assessed by first computing the GHG emission reduction and avoidance cost of the
mitigation option that is implemented first, then subtracting the emission reductions of the first
mitigation option from the base case emissions, and subsequently computing the GHG emission
reduction and avoidance cost of the second mitigation option.

This method is not applicable for MAC curves based on model-based simulation results since
in that case the emission reduction related to single measures is not expressed as a percentage
of the current emissions or as an amount of emission saved per ton of product but the result of
a model-based calculation. Therefore, another method for the construction of energy-saving
and MAC curves is needed in order to represent the contributions of individual measures.

4.1.5 Key aspects of the present work derived from the literature review

The review of literature related to the goals presented in the introduction (section 1.2) allowed
to better define some key aspects of the present work.

Energy-saving and COz-emission reduction options related to paper drying encompass
operational and structural changes at the level of the drying process itself, the steam cascade,
the air and heat recovery systems, as well as the boiler system, and therefore the simulation
model should include these different system parts.

As a result of the works reviewed in section 4.1.2, one of the requirements to the model for
paper drying is to be based on a detailed physical description of heat and mass transfer at the
paper level to allow the simulation of a wide range of measures at the drying section, and to
cover a wide scope of configurational options, in order to be applicable to the drying section of
different paper mills.

Also, since only little attention has been given in the past to the effect of waste heat recovery
from hood exhaust air using heat pumps and the interactions between measures at different
levels, those aspects are in the focus of the present work.

Finally, unlike most energy-efficiency cost and MAC curves built for individual plants using
rough assessments for the single options, the model simulation results in the present work will
serve as a basis for their construction. The development of a methodology to account for the
measure’s interactions in the construction of energy-efficiency cost curves and MAC curves
based on simulation results constitutes a further objective of this work, since to the author’s
knowledge no such methodology has been published yet.
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5 Framework for the assessment of CO2-mitigation measures

This chapter deals with the description of the developed model-based framework for the
assessment of COz-emission reduction measures in multi-cylinder paper drying. First an
overview of the process model and a detailed description of the different model blocks are
given. Subsequently, the paper drying model is verified with several datasets from the literature.
Later, the integration of measures in the framework and the algorithm for the calculation of the
energy consumption of paper drying after applying energy efficiency measures are presented.
The translation of the energy-savings into CO2-emission reductions, the economic analysis and
the graphical representation of the results as energy-efficiency cost curves and marginal
abatement cost curves are the topics of the next sections.

Finally, the application procedure of the framework and its implementation are described.
Parts of the framework description were previously published and quoted verbatim from (Godin
and Radgen 2021) with permission.

5.1 Model of the drying section

The objective of the developed model is to depict the initial energy demand of the analysed
drying section accurately in order to serve as a basis for the energy-assessment of various
measures in a second step.

The energy demand of a multi-cylinder drying section corresponds to the steam required for the
operation of the drying cylinders and the air heating system, and the power consumption of the
cylinder drives and the hood ventilation system.

Since heat represents the largest share of the energy demand at the drying section, the scope of
energy-efficiency measures analysed in this work is limited to measures which lead to heat
demand reductions. Therefore, whereas the steam demand is an output of process model
calculation also for the status quo, the power consumption in the initial situation is provided as
input and variations in the power consumption for the different combinations of measures is
assessed.

The model blocks and calculation sequence for the determination of the overall steam demand
in the drying section are shown in Figure 5.1. The calculation sequence is oriented in the
opposite direction of the physical flow of energy and starts with the calculation of the energy
demand of the dryers.

A grey-box approach was chosen to model the dryers where mass and energy balances are set-
up for an infinitesimal length element of paper web along the drying section, and the heat
transfer coefficients correspond to physical entities of the system (condensate layer, cylinder
shell, etc.). A white-box model covering the time-dependant description of physical mass and
heat processes within the paper web, although relevant for the analysis of product-related issues
like uneven moisture profiles or web delamination, is not required and considered over-complex
for the level of analysis chosen here and would lead to very long solving times. On the other
hand, the oversimplification of the processes using a black-box model only based on mass and
energy balance over the whole drying section would not allow to quantify the effect of changes
on specific parts of the system.

Since details at the physical level do not bring an added-value for the objectives of this model,
the hood, steam groups, separators and steam cascade are modelled as black-boxes where the
outputs of each entity are calculated based on exogenous variables and energy and mass
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balances. As a consequence of these modelling choices, the efforts for model verification in this
work are directed towards the dryer model.

Input data: paper properties (e.g. dry basis weight, web humidity and temperature along the
drying section), drying section configuration (e.g. machine speed, cylinder configuration, steam
pressure in cylinder groups, leakage air ratio), ambient and room air properties

s1==y Parameter estimation to
Dryers i = -
Y Q“Cj match product humidity
Massflow of steam for each dryir/
Steam groups
v
Steam/condensate separators
v Energy and humidity
Steam cascade wfased in the hood
v

Hood

Temperature and humidity of

Total amount of L hood exhaust air

steam for the dryers

A

Heat recovery

Amount of steam for air heating

Steam demand of
the dry section

Figure 5.1: Model blocks and calculation procedure of the overall steam demand in multi-cylinder paper
drying. Source: (Godin and Radgen 2021), reprinted with permission.

5.1.1 Drying model

The paper drying module is a grey-box model similar to the model presented by Yin et al.
(2016): Main differences cover the use of the Stefan’s law in the present work instead of the
Fick’s law to model mass transfer between the web and the air, model extensions to include
mixed double- and single-tier cylinder configurations and the fabric reduction factor which
accounts for the effect of the fabric on mass transfer, and the use of a lumped parameter to
account for conduction and evaporation/condensation phenomena within the paper web, as
proposed by Wilhelmsson and Stenstrom (1995b). A parametric approach is used to calibrate
the drying model to the paper web humidity and temperature measured at the paper mill.

As a result of the equations (1) to (5) presented in section 3.3.5 and with dl = vdt, following
models are obtained for the different drying phases in double-tier and single-tier configurations:
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Double-tier
e Contact area

dxp Kpa(l - FRF)watot Ptot — Paw
= — -In

dl B GdrvaTp ptot - ppw
dx,
T, Usp(Ts = Tp) + hpa(Ta = Tp) + GaryVAHevap g1
dl Garyv(cr + cwx,)
e Free draw area
dxp _ ZKpawatot ‘In <ptot — paw)
dl GaryVRT, Ptot — Ppw
dx,
dT,  2hpa(Ta = Tp) + GaryVAHevap g7
dl Garyv(cs + cwxy)
Single-tier
e Contact area at steam-heated cylinder
dxp __ Kpa(l — FRF)M,, Dot ‘In <ptot - paw)
dl GdrvaTp Ptot — Ppw
dx,
T, Usp(Ts = Tp) + hpa(Ta = T) + GaryVAHevap g1

al Garyv(cs + cwxy)

e Contact area at non-heated cylinder

dxp _ KpaMwProt In (ptot — paw)

dl B GdrvaTp Ptot — Ppw

dx,
dTp _ hpa(Ta - Tp) + GdryvAHevap W
dl Garyv(cr + cyxp)

e Free draw area

dxp — KPCL(Z B FRF) watot ‘In <ptot - paw>

dl GdTYVRTp Ptot — Ppw
dx,

dTp _ tha(Ta - TP) + GdTyUAHevap W

dl Garyv(cs + cwxyp)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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The temperature and humidity of the web at every point in the paper machine are obtained by
solving the resulting non-linear coupled ordinary differential equation (ODE) system over the
whole length of the paper web in the drying section. The model parameters are described in the
next section.

5.1.2 Determination of model parameters

The fabric reduction factor FRF corresponds to the reduction in the mass transfer of vapor
between the paper web and the surrounding air due to the presence of the fabric and its value
typically lies in the range 0.3-0.5 (Wilhelmsson and Stenstrom 1995b; Ghodbanan et al. 2015;
Gaillemard 2006).

The partial vapor pressure in air p,,, is calculated using equation (6) presented in section 3.3.6
with the moisture content of hood inlet air x, s, and the total pressure p;,..

The partial vapor pressure at the paper web surface p,,, is given by following expression
(Slatteke 2006; Ahrens and Rudman 2003):

Pow = B(Tp, Xp) " Dsar(Ty) (19)

where psat(Tp) is given by the Antoine’s Equation (see equation (7), section 3.3.6), and
(T, x,) is an isotherm correction factor accounting for the sorption of bound water in the
paper web for which Heikkila (1993) proposed the following expression:

(D(Tp,xp) =1 — exp (—47.58 - x1877 — 0.10085 - T, - x1058%) (20)

The enthalpy of evaporation AH,,q,, is the sum of the vaporization enthalpy and the sorption
enthalpy, and is thus given by:

R 1-0
AHgpap = (Lyapo — 2:3237 + Tp) + 0.1—— - x10585 - (T, + 273.15)? - —— (21)

M, 0

The overall heat transfer coefficients between the steam in the cylinders and the air Uy, and
between the steam in the cylinders and the paper web Uy, are given by:

1
Usa = Angle + Angle n 1 (22)
360 hsc 360 hshell hca
U = 1
P Angle Angle 1 (23)

tp
360 hye 360 hgnens * Ry ' Ap
Where the heat transfer coefficient of the cylinder shell is related to the thermal conductivity of
the cylinder shell by following equation’:

" The detailed derivation of the equation (24) is presented in Appendix A.
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Ashelr
hshenr = = D
2

D
(7 - tshell) “In D
5 ~ Ushen

(24)

And the paper web thickness t,, and density p,, are determined based on the grammage and the
density of the dry product:

L T+x, c
1] pp dary (25)
__1tx (26)
pp - xp 1
Pw pp,dry

A, is a lumped parameter for the apparent thermal conductivity of paper formulated by Rhodius
and Gottsching (1979) which accounts for conduction and evaporation phenomena within the
web:

0.00057 - x3

A +—F
Ay 1 0.0853 + x3

) (27)

(4
According to Wilhelmsson et al. (1996), the heat transfer coefficient between cylinder and
paper h, can be written as follows:

hep = hepo + 0.955x, (28)

The parameter h.,, corresponds to the resistance to heat transfer induced by the thin layer of
air and dirt between the cylinder outer surface and the dry paper web. Since the value of this
parameter cannot be measured, it is used as second fitting parameter in the model calibration
procedure besides the fabric reduction factor, with the constraint that its value lies in the range
0.1-2.2 kW/m?.K (Yin et al. 2016; Gaillemard 2006).

The convective heat transfer coefficient between the cylinder and the surrounding air h., and
between the paper web and the surrounding air hy,, are calculated with a formula combining
the Nusselt number for laminar and turbulent parallel flow past a flat plate which has shown to
be in good agreement with experimental data (Krischner and Kast 1978):

y)
h = NuTa (29)
Where
v,l Call
Nu = N + Ny =fete pre (30)
Ha a
4
1 4 0.037 - Re® Pr
Nuyg, = 0.664-Re?Pr3  and Nug,p = (31)

2
1+ 2.443 - Re™ %1 (Pr§ — 1)
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The characteristic length [ corresponds to the diameter of the cylinder D for h., and to the
length of the contact or free draw section for h,,. The velocity of air v, is considered to be
same as the speed of the paper machine.

Finally, the mass transfer coefficient from the paper web to the surrounding air is determined
based on the widely used Chilton-Colburn analogy which links heat and mass transfer
coefficients (Nilsson 2004a; Gaillemard 2006):

h 2 Sc Ha
K,y =—>Le3 where Le=-"- , Sc= :
pe PaCa ¢ Pr palef

(32)

And the diffusivity of vapor in air Diff is determined with the formulas presented by Rossié
(1953)8:

(T, + 273.15)1774
1000 * prot

If T, < 80°C Diff = 104.91143-10¢ - (33)

(T, + 273.15)?>

If 80°C < T, <300°C Diff =805.24-10"°
@ ir (T, + 190 + 273.15) - 1000 - po

(34)

5.1.3 Drying model validation

To validate the developed drying model for different paper grades and mill configurations, data
sets were taken from the literature and the model was calibrated to each data set by minimizing
an objective function corresponding to the quality of the fit between measured and calculated
data, using the contact heat transfer coefficient hcp, and the fabric reduction factor FRF as
tuning parameters.

Some main characteristics of those data sets are summarized in Table 5.1, including the data
quality which indicates the number of points within each data set. The measured data points
and calculated values at the corresponding locations for the paper web temperature and
humidity are represented for all four data sets respectively in Figure 5.2, Figure 5.3, Figure 5.4,
and Figure 5.5. The application of a starch solution at the size press of the paper machines
analysed in (Yin et al. 2016) and (Chen et al. 2016a) is the reason for the sharp decrease in the
paper web temperature at cylinder number 48 in Figure 5.2, and for the sharp rise in the paper
web humidity after cylinder number 48 in Figure 5.5.

The results of the error minimization after model calibration are presented in the last line of
Table 5.1. Since the web temperature measurements are made after the dryers and thus
correspond to peak values of the temperature function, the mean absolute percentage error
between measurements and model values is evaluated as the average of the error at those points.
Similarly, the error for the humidity is evaluated based on the difference between the measured
values and the model values obtained at the same locations.

An average error of 9.8% for the temperature and 4.8% for the humidity of the paper web is
obtained across all data sets. Beyond model inaccuracies, these errors may be explained by the

8 The use of two distinct formulas below and above 80°C is not due to different physical behaviours of the water
vapor but to the fact that the diffusivity for temperatures below 80°C was measured and thereby the correlation for
low temperatures determined before the additional experiments conducted by Rossié for higher temperatures.
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uncertainty in measurement data which is represented with error bars in the figures below. The
type of temperature measurement tool has a significant impact on the obtained value (TAPPI
1992). Ghodbanan et al. (2015) used an infrared thermometer, whereas thermal infrared
imaging viewers from the same manufacturer were used in the three other studies. These non-
contact measurement tools typically have an accuracy of 2°C (Chen et al. 2016a).

The tool used for humidity measurement was documented only in the study conducted by Chen
et al. (2016a) and has an accuracy of 5%.°

Another reason for discrepancy between measured and calculated values in the case of web
temperature lies in the difference between the location of the measurement point, typically a
few centimetres after the end of the contact sections, and the model data point, at the end of
each contact section. The paper web however undergoes large temperature variations within
short distances because of fast heating and cooling through evaporation.

The agreement between measurements and model values is satisfactory for the present purpose
of the drying model, which is to provide a basis for further energy calculations.

9 Because of a lack of error specification in the three further studies, the same error was used as a basis for the
error bars in the figures throughout all data sets.
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Table 5.1:  Literature data sets for dryer model verification
Publication (Yin et al. 2016) (Ghodbanan et al. (Kong and Liu (Chenetal.2016a)

2015)

2012)

Paper grammage 120

(9/m?)

Name of the
paper machine
(in this work)

Paper machine
speed (m/min)

Number of
cylinders

Type of paper
machine

Data quality®®
Temperature
Humidity

Measurement
tool

Measurement
location

Mean absolute
percentage error

ATemp
AHum

Values of fitting
parameters

hepo (KW/M2K)

FRF (-)

PM1

375

Pre-drying: 48
Post-drying: 15

Double-tier

++

Temperature:
thermal infrared
imaging viewer
Humidity:

not specified

Temperature:

a few cm after
each contact zone
Humidity: only at
beginning and end
of drying section

11.2%
0%

0.236

0.367

127

PM2

440

35

Double-tier

++
++

Temperature: IR-
Thermometer.

Humidity:
not specified

Temperature:
not specified

Humidity:
not specified

4.6%
5%

0.454

0.65

48

PM3

1500

33

Double-tier

+
+

Temperature:
thermal infrared
imaging viewer
Humidity:

not specified

Temperature:
around 5 cm away
from contact zone
Humidity:

tested at beginning
of tail threading

14.3%
2.2%

0.143

0.65

147

PM4

700

Pre-drying: 47
Post-drying: 20

Single- and double-
tier

++
++

Temperature: thermal
infrared imaging
viewer

Humidity: NDC
8100-F system

Temperature: At
beginning and end of
contact zone

Humidity: at middle
of free draw areas

9.2%
12%

0.649 (Single-tier)
1.2 (Double-tier)

0.63

10 A measurement point is available for each cylinder (‘++), for each steam group (‘+’), or only for the beginning
and the end of the drying section (‘-°).
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Figure 5.2: Comparison between the calculated and measured temperature of the paper web. [Based on data
from Yin et al. (2016)]
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Figure 5.3: Comparison between the calculated and measured humidity (upper chart) and temperature (lower
chart) of the paper web. [Based on data from Ghodbanan et al. (2015)]
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Figure 5.4: Comparison between the calculated and measured humidity (upper chart) and temperature (lower
chart) of the paper web. [Based on data from Kong and Liu (2012)]

14

B PM4 %X Humidity calculated
é 1.2 % I T Xy +  Humidity measured
on 1+ I I - X
< [ 1
205t i
S X I
Zoel :
;’ | ¥ N ER) Iz
= 04 Xz « X I
£ * x
= L *
= 0.2 " ¥ =

O | 1 | | B | | = |

0 10 20 30 40 50 60 70

Cylinder number



Framework for the assessment of CO2-mitigation measures 57

140
PM4 X Temperature calculated
120 [ Temperature measured
O 100 - EE
ocu“ ;!;IIIILIIIII T IIH
XX XXX
; 80 I Xfoji e s Xﬁz XXXXXXXxxx ngXXI%EXXxxxXX
= Ix+xxy 1XIxg x +
] 5 X 1 xX
S 60 X T
3 T )
X
) | x X
= 40 x5
20 |
O | | | | 1 | |
0 10 20 30 40 50 60 70

Cylinder number
Figure 5.5: Comparison between the calculated and measured humidity (upper chart) and temperature (lower
chart) of the paper web. [Based on data from Chen et al. (2016a)]

Additionally, to verify that the developed model gives plausible results, the final paper web
humidity was calculated after varying different input parameters by +15% for the paper
machine described in Ghodbanan et al. (2015). The values of the fitting parameters were kept
same as in the reference case described above and the results of this analysis are presented in
Figure 5.6.

As expected, a lower initial paper web humidity, longer free draw sections, the use of cylinders
with a larger diameter, and higher steam pressures in the drying cylinders all lead to a lower
paper web humidity at the end of the drying section. The initial paper web humidity and the
diameter of the cylinders both have the largest impact on the final paper web humidity.
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Figure 5.6: Effect of different input parameter values on the paper web humidity at the end of the drying section.
[Based on data from Ghodbanan et al. (2015)]
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5.1.4 Steam demand of a dryer

The inlet steam, the condensate and the blow-through steam in the cylinders are near saturation
conditions (Slatteke 2006). Therefore, the energy transferred to the inner cylinder walls
corresponds to the heat released during the condensation of steam.

A large share of this energy is transmitted to the paper web, on the dryer surface area where the
web contacts the cylinder. At the bases and the uncovered lateral area of the cylinder, heat is
transferred to the surrounding air.

The amount of heat transferred from the cylinder steam to the paper web for each dryer j is the
sum of the heat flow rate at each infinitesimal section i of this cylinder:
lcont,j/dl

Opj= ). Usp(Ts =Ty )wdl (35)
i=1
The heat flow from the steam to the air for each cylinder j is given by:

Qsa,j = Usa (Ts,j - Ta,sup3) ’ (Anoncovered,j + 2Abase,j) (36)

Finally, assuming a constant specific enthalpy of the steam H,; and condensate H, ; in the
dryers, the required inlet steam flow per cylinder is given by a mass and energy balance on a
cylinder j:

Qsa,j + Qsp,j
(1-a)- (Hs; — He;)

Where «a is the blow-through steam coefficient and SF a steam margin factor which accounts
for additional steam supplied to the dryers during operation in order to reach the targeted paper
moisture content.

The expressions for the enthalpy of condensate and saturated steam are obtained by fitting data
from Steam tables (Koretsky 2004):

g ; = SF (37)

H, = 4.319 - In(T,) — 14.766 (38)

H, = 174.87 - In(T,) + 1869.7 (39)
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5.1.5 Steam demand of the steam cascade

steam to next steam group
or thermocompressor
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motive steam My rc
discharge steam

condensate and blow- Steam- :> Thermo-
through steam from dryers condensate [ compressor

separator Mas,tck
My + Mk steam from separator 1 sep i
condensate
mc,sep,k
Figure 5.7: Steam and condensate streams at the steam-condensate separator (left) and thermocompressor
(right)

The inlet mass flow of the separator module for each steam group k is the sum of the mass flow
of steam and condensate from each cylinder j within this steam group. The enthalpy of the
condensate and steam entering each separator is thus given by:

jamg ;iHg (1—a)-mg;H.;
:Z] : S,]°°S,] and HC,k:Z]( ) S,]J°7¢C,] (40)
mg Mk

Hs,k

Knowing the pressure in the separator, the outlet mass flows of steam and condensate of a
separator are obtained with mass and energy balances:

mc,k (Hc,k - Hc,sep,k) + ms,k (Hs,k - Hc,sep,k) (41)

ms,sep,k =
Hs,sep,k - Hc,sep,k

Mesepk = Mck + Mg — M sep .k (42)

In the next step the required amount of motive steam i, ., for the thermocompressor is
calculated using energy and steam balances on each thermocompressor module:

m H —H
.Bk s,sep,k( ds,tc,k s,sep,k) (43)

mms,tc,k =
Hms,tc,k - Hds,tc,k

Where

mds,tc,k = mms,tc,k + l/)kms,sep,k (44)

If the steam group is working as a conventional steam cascade 1, = 0 whereas if it uses a
thermocompressor i, = 1.
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The total inlet steam required in a steam group is then given by:

ms,k

ms,tot,k = - lpkms,sep,k —Jk(1 = Yy) (45)

Ji 1s equal to zero for the highest-pressure level steam group and to the steam mass flow from
the separator of the next steam group i s¢p, 1 +1 fOr lower steam groups.

Finally, the total mass flow of steam for the steam cascade .., and the corresponding heat
flow rate are obtained:

k
ms,tot = Z ms,tot,k (46)
1

k
Qs,tot = Z ms,tot,k ’ Hs,tot,k (47)
1

5.1.6 Steam demand of the air heating system

The hood exhaust air has a high energy content due to its high moisture content and
temperatures in the range 50-90 °C. A part of this energy is usually recovered to heat the hood
inlet air (as shown in Figure 5.8) and process water. The inlet air, after this first preheating step,
is then often heated with the condensate flow from the drying cylinders before being
conditioned to the required hood temperature using saturated steam.

Exhaust air
ex1
supl sup
Condensate from Hood air heat recovery <—I
steam cascade Supply air
cl

ex

Condensate

Sexoxe| ==

J sup3
sup2
€2 »  Air heater

d
<

Condensate Saturated Steam

Condensate
heat recovery

Figure 5.8: Schematic representation of the hood and air heating systems at a drying section. The subscripts
used in equations are indicated in italics. Source: (Godin and Radgen 2021), reprinted with
permission.
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The humidity of the hood exhaust air is determined by calculating the water mass balance of
the hood:

ma,exxa,ex = ma,sup3xa,ambient + ma,leakxa,room + Gdrva ' (Axp,pre + Axp,post) (48)

ma,leak

Andwith r =

aex

Garyvw * (Dxp pre + AXp post)

Mg ex

xa,ex = + (1 - r)xa,ambient + rxa,room (49)

The heat flow rate of the exhaust air is obtained with an energy balance on the hood:
Qa,ex = Qp,in + Qstarchsol + Qa,leak + Qa,sup3 + Qs - Qp,out - chlosses - Qc (50)
Where the thermal losses at the hood walls Q,p,;,sses are expressed as a share of the energy flow

leaving the drying section:

chlosses = B(Qp,out + Qa,ex + Qc) (51)

The temperature of hood exhaust air is obtained using equation (8) presented in section 3.3.6:

Ha,ex - Lvapoxa,ex
Taex = (52)
' Cq + CvXa,ex

Assuming that heat recovery from hood exhaust air takes place in a counter-flow heat exchanger
with a known delta between the temperature of the inlet flow of hood exhaust air (T, ) and
the outlet flow of hood supply air (T sp1):

Ta,supl = Ta,ex - ATheatexchanger (53)

The temperature and enthalpy of the supply air after heat recovery T, ., and H, e, Can be
determined by the energy balance equation at the heat exchanger:

ma,sup (Ha,supl - Ha,sup) = 77hr7ha,ex (Ha,ex - Ha,exl - (xa,ex - xa,exl)cha,exl) (54)

Two successive phases are distinguished during the cooling of the exhaust air: first, the air is
cooled down without any condensation until the dew point is reached. Any further cooling
occurs along the dew point curve. Therefore, if the air is cooled below its dew point temperature,
condensation takes place and the exhaust air after heat recovery is at the saturation humidity
corresponding to the temperature T, 1.

The enthalpy of supply air after the heat recovery from the condensate is expressed as follows:

Nhr (Qc,l - QC,Z)

Mg sup

Ha,supZ = Ha,supl + (55)
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Finally, the required mass flow of steam for air heating and the corresponding heat flow rate
are obtained:

Ha,sup3 - Ha,supz
Nan (Hs,ah - Hc,ah)

ms,ah = ma,sup (56)

Qs,ah = ms,ahHs,ah (57)

5.2 Energy assessment of energy-efficiency measures

Measures to reduce the heat demand of the drying section of a paper machine may be classified
into the three following categories (Laurijssen et al. 2010):
1) measures which decrease the amount of water to be removed in the drying section

2) measures which decrease the amount of energy needed for water evaporation
3) measures which increase the amount of recovered heat from the exhaust air

This results in a wide scope of measures at various locations of the drying section.

The choice of the measures to be included in the assessement of a specific paper machine
depends on the plant configuration, the systems installed, etc. Therefore, it needs to be
determined for each mill individually. However, the modeling procedure remains the same, that
is identifying the model parameters impacted by the implementation of the measure, assessing
the new parameter values through discussions with experts or using literature values, and finally
incorporating these effects into the model. For measures which impact the system configuration,
e.g. the integration of heat pumps to recover heat from hood exhaust air, the new configuration
is stored in a separate module.

To calculate their effect on the energy demand of the drying section, the process model is
applied for each combination of energy efficiency measures successively. Mutually exclusive
measures are defined as such beforehand to reduce the number of permutations.

In the case of combinations of measures which impact the moisture profile of the paper web in
the drying section, the iteration procedure shown in Figure 5.9 is used, in which the number of
dryers in the steam group of the highest pressure level is decreased at every loop, starting with
the cylinder at the very end of the concerned pre- or post-drying section, until the same final
humidity of the paper web is obtained as in the status quo, and no overdrying occurs.
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Figure 5.9: Iteration procedure on the number of dryers in the pre- and post-drying sections

The volume flow of hood supply air is determined for each set of measures such that it is higher
than the minimum supply air flow, for which the hood exhaust air is at dew point.

The power consumption of fans is adjusted using the third fan law, according to which the
power consumption P varies with the cube of the change in air volume flow:

. 3
ma,Zpa,1> (58)

Pventilation,z = Pventilation,l : < ;
ma,lpa,z

The electricity consumption of drives is considered to be proportional to the number of
cylinders operated at the drying section.

Since the focus of this work was set on heat demand reductions in the drying section, only the
difference in power consumption between the initial and final system configurations is
considered in this work. The power consumption of process components which are not impacted
by the selected energy-efficiency measures is not included.
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5.3 Quantification of the CO2-emissions reduction reached through the implementation
of CO2-mitigation measures

In papermaking, process CO2-emissions are negligible as compared to the CO2-emissions due
to heat and electricity production (Suhr et al. 2015; CEP1 2019). Those energy-related emissions
are usually divided into direct (scope 1) emissions, arising on-site, and indirect (scope 2)
emissions, for example from the generation of purchased electricity.

Consequently, the total CO2-emissions reduction EMR ¢, +o¢ after the implementation of a set
of measures is the sum of the direct and indirect CO2-emissions reduction:

59
EMRcoztot = EMRco2,airect ¥ EMRcoz indirect (59)
Process heat is typically produced on-site so that the (direct) CO,-emissions reduction related
to steam production is given by:

Qh,gen,initial
EMRCOZ,direct,heat - effuel,initial -
Nthinitial Nth,final

Qh,gen,final
———ef fuel,final (60)

Where Q, gen corresponds to the amount of heat generated and the initial and final values of
N¢en, the thermal efficiency of the boiler, and efy,¢;, the arithmetic mean of the values taken by

the emission factor of the fuel over the considered time frame, differ only in the case where a
fuel switching measure is implemented.*!

On the other hand, electricity may be purchased from external providers and/or produced at the
paper mill, for example in combined heat and power (CHP) plants. Therefore, the CO»-
emissions reduction due to electricity savings can be expressed as:

EMRCOZ,elec = EMRCOZ,direct,elec + EMRCOZ,indirect,elec (61)

Where the reduction of direct emissions for electricity produced in a CHP unit is given by:

Pelec,gen,initial Pelec,gen,final

EMRCOZ,direct,elec - effuel,initial -

Nelec,initial 77elec,final

effuel,final (62)

Where 7, stands for the efficiency of electricity generation in the CHP unit and eff,,, for
the arithmetic mean of the values taken by the emission factor of the fuel over the considered
time frame.

And the reduction in indirect emissions is equal to the differential amount of purchased
electricity multiplied by the average value of the emission factor of electricity over the
considered time frame:

EMRCOZ,indirect,elec = _Apelec,purchased ' efelec (63)

11 The variation of the efficiency of steam generation with varying load is considered out of scope of the present
work.
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5.4 Economic evaluation of measure’s implementation

The economic worthiness of the measures is quantified using the Net Present Value which
allows to compare the costs and benefits of the combinations of measures in equal terms. In this
case, the Net Present Value (NPV) is equal to the difference between the sum of savings in
operating costs (OPEX) over the lifetime of the measures L, and the sum of the initial
investment costs (CAPEX) of those measures:

t0+Lt

AOPEX,;

& (1+d)t (64)

NPV = — Z CAPEX poqsure —

Where d stands for the discount rate, and the savings in operating costs AOPEX are determined
for each year as the sum of the costs savings related to electricity, fuel and CO2-emission
savings, and other savings for example related to lower maintenance or personnel costs:

AOPEX = AOPEX ¢ + AOPEXfy 015 + AOPEX o5 + AOPEX gyers (65)

The OPEX terms are determined for each year over the lifetime of the measures as:

Pelec,gen,final Pelec,gen,initial

AOPEXpjoc = ————— " PriCefyelfinal — ———— " PViC€fyelinitial 66
nelec,final Nelec,initial ( )

+ Apelec,purchased ) priceelec

Qh,gen,final . Qh,gen,initial .
AOPEXfuels = " DPTiCe€fyel final — P PTiCefyel initial (67)
Nth,final Nth,initial
AOPEX o2 = —EMR(oz direct * PTiCeco2 (68)

The price of purchased electricity in Equation (66) comprises the commodity price as well as
the reallocated capacity charge.

The total annualized cost TAC of a measure or combination of measures is then obtained by
multiplying the additive inverse of the net present value by the annuity factor AF (Flatau 2019):

TAC = —AF - NPV (69)

(1+d)*-d

Where  AF = (A+DE—1)-(1+d) (70)

The marginal energy-saving cost MESC is equal to the ratio of the TAC to the energy savings
ES at the drying section:

TAC
MESC = — 71
i (71)
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Where the energy savings at the drying section corresponds to the sum of the steam savings for
the steam cascade and the air heater and the electric power savings for the ventilation system
and cylinder drives:

ES = _AQs,tot - AQs,ah - APventilation - APdrives (72)

Similarly, the marginal CO2-emissions reduction cost is the ratio of the TAC to the CO»-
emissions reduction:

TAC
MEMRC = ——— (73)
EMR o3 tot

5.5 Energy-efficiency cost curves and COz-emissions reduction cost curves

In this section a methodology is proposed for the construction of energy-efficiency cost curves
and MAC curves accounting for the measure’s interactions based on model-based simulations
of processes.

The challenge with the simulation results obtained in this work is that the energy savings and
energy-saving costs are calculated for the combination of measures as a whole and thus need to
be split between the different measures.

For that, after choosing the combination of measures to be represented in an energy-efficiency
cost curve, the order of measure calculation has to be defined. In order to avoid drawing a
completely distorted picture of the contribution of individual measures this calculation
sequence is defined here to be the same as the sequence presented in the context of process
integration (see Figure 4.1 in section 4.1.3), i.e. in the opposite direction of the energy flow but
following the calculation sequence of the simulation model, placing measures which deal with
a reduction of the heat demand before those which concern heat recovery and waste heat
recovery.

Then the simulation is successively run for the first measure m,, for the combination of
measures my; + m,, for the combination m, + m, + mg, etc. until the combination of all
measures has been simulated.

Afterwards, as illustrated in Figure 5.10, the energy savings attributed to a specific measure m
are calculated for each measure (apart from m,) as the difference between the energy savings
calculated for the combination of measures where m is the last measure in the sequence and the
energy savings assessed for the combination of measures which includes the same measures
apart from measure m:

ESm = ESmeasure combination ~— ESmeasure combination excluding m (74)

Similarly, the total annualized costs for a specific measure are given by:

TACm = TACmeasure combination ~— TACmeasure combination excluding m (75)
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Figure 5.10: Evaluation of the effect of individual measures within a group of measures

Finally, the marginal energy-saving cost of the measure m is obtained:

TAC,,
MESC,, = Es,, (76)
Since energy-efficiency and MAC curves are constructed by assuming that the measures will
be implemented in cost order (Chan et al. 2016), the measures are ranked in terms of growing
order of the marginal energy-saving cost and the energy-efficiency cost curve is built using the
disaggregated values for the energy savings and energy-saving cost of the individual measures.
Exactly the same methodology is applicable for the construction of MAC curves where the
CO.-emission reduction and the marginal CO2-emission avoidance costs are determined for a
measure m:

EMRm = EMRmeasure combination — EMRmeasure combination excluding m (77)
MEMRC,, = TAC,

A very important note regarding the construction of the curves using the methodology described
above is that the calculation sequence is not necessarily equivalent to the ranking order used
when building the energy-efficiency cost and marginal abatement cost curves.

Since the calculation sequence determines the disaggregated values for individual measures, it
is therefore highly recommended to indicate the calculation sequence on the curves (e.g. by
numbering according to the calculation order). Furthermore, keeping in mind the whole set of
measures for which a curve is generated is essential when consulting those curves, since from
the measure m where the calculation and “implementation” sequence differ, the values obtained
for the measure m are dependent on measures located at the right of this measure on the curves.
A cropped vision of the curves, for example by looking only at the first “cheapest” measures,
would lead to wrong assessments of the energy savings or CO2-emissions reduction potentials
and related saving costs of those measures, if their ranking order and calculation sequence
differs.

Those aspects are illustrated in Figure 5.11. In both curves, the measure indicated by number 2
acts before measure 3 (when considering the opposite direction to the energy flow) and its effect
is therefore calculated before measure 3. However, since the calculated energy-saving cost is
lower for measure 2 than for measure 3, measure 2 is placed after measure 3 in the MESCC.
Furthermore, the energy savings and marginal energy-saving cost of measure 3 differ between
the left and right figures, despite measure 3 being the same. The reason is that the measure
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placed before measure 3 in the calculation sequence but after it in the ranking order, is different
in both figures (2a and 2b).

On the other hand, the energy savings and marginal energy-saving cost of measure 2 would
remain same even if measure 3 is changed, since the results calculated for measure 2 depend
only on those calculated for measure 1.

2b

2a 3

> >

3 I Cumulative annual potential
final energy savings [GWh/a]

Marginal energy-saving cost [EUR/MWHh]

Figure 5.11: Differences in ranking order (from left to right) and calculation sequence (indicated by a number)
impact the value of energy savings and marginal energy-saving costs of individual measures.

5.6 Framework application procedure

The overall application procedure of the developed framework is summarized in Figure 5.12.
The first step consists in the collection of plant data and feeding the input database accordingly.
In the second step the dryer model is calibrated to the plant data by adjusting the values of the
tuning parameters to obtain the same humidity and temperature profiles as provided by the mill.
In the next step relevant measures are identified, and their influence on process parameters is
quantified and fed into the database. Measures which involve configurational changes are
modeled and stored as separate modules. Mutually exclusive measures are identified and set as
such in the database.

Thereafter a list of possible measure permutations is generated and for each permutation
impacting the humidity profiles the iteration described in section 5.2 is executed in order to
obtain the same final humidity of the paper web as in the status quo, before the simulation of
the other modules of the drying section is carried out. Finally, the economic assessment and the
comparison between the different combinations of measures is performed.
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Figure 5.12: Application sequence of the developed framework. Source: own representation.

5.7 Implementation

The input database, which contains all the plant configuration data and parameters related to
the energy-efficiency measures is stored in an Excel file. The model was implemented in Matlab
R2016b, and the ODE 45 function was used to solve the non-linear differential system of the
dryer model. The nonlinear programming solver fmincon was used to calibrate the model results
for the temperature and humidity of paper web to the plant measurements by varying the values
of certain fitting parameters within a specified range. Since the solver may return a local
maximum, the calibration procedure was run multiple times with different initial values for the
tuning parameters to gain confidence that a good solution was obtained. The Matlab function
fzero which finds the root of a nonlinear function was used to determine the temperature of the
hood supply air after heat recovery (Equation (54)).
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6 Framework application to the drying section of a German paper mill

The application of the developed framework to the drying section of a German paper mill is
demonstrated in this Chapter. First the analysed drying section is described, followed by the
results of the model calibration and the selection of relevant energy-efficiency measures.

The results of the measure assessment are presented in the next section, and their sensitivity on
several key parameters is analysed and discussed in the final section.

Portions of this chapter were previously published and quoted verbatim from (Godin and
Radgen 2021) with permission.

6.1 Description

The studied paper machine is located in Germany, it dates from the 1970’s, and produces
corrugated board and testliner in the range 90-190 g/m2. The configuration of the paper machine
and main parameter values are summarized in Table 6.1.

The same mathematical model was used for the vacuum rolls as for the extended free draws in
the single-tier sections, since water is removed from both sides of the paper web, and one side
is covered with the fabric.

The model was calibrated for a paper grammage of 120 g/m? based on the initial and final
moisture content of the paper web and following values were obtained for the two fitting

parameters: h.,o = 0.68 T:ZVK
of steam h,. was not known and set to 2.3 kW/m?.K in accordance with literature values for
this paper machine speed, condensate removal systems equipped with stationary siphons and

dryers with spoiler bars (Ghodbanan et al. 2015).

and FRF = 0.45. The exact value of the heat transfer coefficient

The calculated temperature and humidity profiles of the paper web in the paper machine after
model calibration are shown in Figure 6.1. The single-tier sections of the drying sections are
characterized by a lower drying rate (i.e. a lower slope of the humidity curve) and a greater
distance between two successive temperature peaks, since the paper web is not heated on the
vacuum rolls.

Under the current operating conditions, the humidity of hood exhaust air is calculated to be
equal to 0.084 kgwater/kgaryair and is therefore only slightly below the maximal 0.086 kgwater/KQaryair
tolerated for the currently installed hood which has a dew point temperature of 50°C.

The minimum leakage air flow required to avoid condensation in the current hood is equal to
79.2 Kgair/s which is 6.6 kgair/s below the current level and equivalent to reducing the current
leakage to exhaust air ratio from 0.5 to 0.48.
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Table 6.1:  Configuration of the analysed paper mill and main parameter values
Parameter Value
Range of: Produced grammage 90-190 g/m?
Paper machine speed 700-1050 m/min
Paper web width 511m

Paper web moisture content

Paper web temperature

Cylinder configuration in pre-drying
section

Cylinder configuration in post-drying
section

Dryer material, diameter, thickness,
conductivity and wrapping angle of
paper web

Diameter of vacuum cylinders

Length of free draw sections

Type of condensate removal system,
value of blow-through coefficient,
condensate heat transfer coefficient
and excess steam factor

Type of hood, dew point temperature,
leakage air ratio, thermal loss factor
and perimeter

Heat recovery system, efficiency of
heat exchangers and air heater
Average ambient temperature and air
moisture

Room air temperature and moisture

46.5% / 28% (beginning of pre-/post-drying sections)

7.5+1.5% (end of pre-/post-drying sections)

42 °C (initial)

40 °C (after film press)

34 cylinders grouped into 3 steam groups

#1-6: 240 kPa // #7-14: 340 kPa // #15-34: 400 kPa

Single-tier configuration until the 10th cylinder: in total 9 vacuum
rolls are located after each of the first 9 cylinders

20 cylinders grouped into 3 steam groups

#35-38: 210 kPa // #39-42: 240 kPa // #43-54: 260 kPa
Single-tier configuration until the 38th cylinder: in total 3 vacuum
rolls are located after the 35th, 36th and 37th cylinders

Castiron //1.5m// 0.03 m // 43 W/m K // 218°

1.25m
1.37 m

Stationary siphons and spoiler bars in the dryers // 0.15 //
2.3 kW/m? K // 1.05

Semi-closed hood // 50 °C // 0.5 // 2% // 160 m

Energy from hot hood air and condensate from the steam cascade
is partially recovered for air preheating, 95%
10 °C // 0.006 kgwater/kgdry air

40 °C // 0.039 kgwater/kgdry air
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Figure 6.1: Calculated humidity (upper chart) and temperature (lower chart) profiles of the paper web in the
paper machine. Source: own representation.

6.2 Energy demand of the analysed drying section

The resulting steam demand calculated for the production of 37.9 tpaper/hr of a basis weight of
120 g/m? at a paper machine speed of 1030 m/min is equal to 36.7 MW, which is 9 % lower
than the 40.1 MW supplied from the boiler to the paper machine according to plant data. This
difference is due to the steam consumption for the conditioning of the starch solution and energy
losses in the steam supply system between the boiler and the paper machine. Since the
calculated amount of evaporated water is equal to 38.2 twater/hr, the specific steam consumption
per unit of water evaporated in the current configuration of the drying section amounts to
1.35 kgsteam/KQwater evaporated-

A Sankey Diagram featuring the current energy flows in the analyzed drying section is
presented in Figure 6.2. In the current state, large amounts of energy are released to the
atmosphere in the form of humid saturated air at a temperature of 50 °C. The condensate exiting
from the steam cascade and the air heater are conducted back to the boiler. The current electric
power consumption of fans and cylinder drives is equal to 0.53 and 2.41 MW (0.05 and 0.23
GJelltpaper) respectively.
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Figure 6.2: Energy flow diagram of the drying section of a German paper mill prior to optimization.
Source: Diagram made with the Software Product Sankey Flow Show.

6.3 Selected energy-efficiency measures

Site-relevant measures were identified through discussions with the energy manager of the
paper mill and paper machine manufacturers and are represented in Figure 6.3.
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Figure 6.3: Location of the selected energy-efficiency measures at the analysed drying section.
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A central measure (indicated with number 1) aims to decrease the amount of water to be
removed in the drying section through the application of a starch solution with a higher solid
content than the current 16% obtained through film sizing. New technologies like curtain sizing
(Valmet 2019) allow the application of the starch solution with dry solid contents up to 40%.
An increase of the starch consistency to 37.5% is considered in the present case, which
decreases the water share after sizing from 0.39 Kgwater/KQary solid t0 0.175 KQwater/KQdry solid-

The replacement of cast iron dryers with steel cylinders (2) improves the heat transfer between
the steam and the paper web, because of the higher thermal conductivity of steel cylinders and
the lower thickness of the dryer shell.

The current semi-closed hood has a high exhaust to leakage air ratio and a low operation dew
point, which leads to a high heat demand for air heating, high power consumption for the air
circulation, and reduces the heat recovery potential (Laurijssen et al. 2010). Thus, one of the
measures in the present analysis consists in closing the hood around the drying section (3). In
the process model, the mass flow of hood supply air is then determined based on the maximal
absolute humidity of air corresponding to the new dew point and leakage to exhaust air ratio.

Key information on the presented measures is summarized in Table 6.2. The model parameters

which are directly impacted by the implementation of those measures are specified, as well as
the values of the parameters after measure implementation.

Table 6.2:  Key information on several site-relevant energy-efficiency measures

Measure Directly impacted New value Reference
parameters
Higher starch Inlet paper humidity at 0.175 Kgwater/Kgary solia  (Laurijssen et al. 2010),
concentration in the post-drying section (Valmet 2019)
solution applied at size
press (1)
Replacement of cast Thickness 0.02m (Stenstrom 2020), (Voith
ron cyllpders with Thermal conductivity 48 W/m K 2019)
steel cylinders (2)
Enclosed paper Leakage air ratio 0.1%2 (Laurijssen et al. 2010),
EGEE RE0 Dew point temperature 63 °C (Karlsson and Oyj 2000)

higher dew point (3)

Furthermore, the integration of compression heat pumps to recover a share of the energy
currently released to the atmosphere is analyzed for two distinct applications: heating the air to
the required hood temperature (4) and generating steam for the dryers (5). The heat pump
integration for both applications is schematically represented in Figure 6.4 and Figure 6.5.

12 Best value for a very high-performance closed hood
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Figure 6.4: Heat pump integration to heat hood air. Source: (Godin and Radgen 2021), reprinted with
permission.
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Figure 6.5: Heat pump integration to generate steam. Source: (Godin and Radgen 2021), reprinted with

permission.

Additional water loops are used to harvest heat from the exhaust air, and, in the case of air
heating, to transfer the heat generated with the heat pump to the supply air. The target
temperature is 110 °C for the hood supply air and set to 150 °C for the generated steam since
80% of the energy is used for the higher-pressure steam groups (260, 340 and 400 kPa). A AT
of 5 K is assumed at the heat exchangers between the inlet temperature of the hot stream and

outlet temperature of the cold stream.
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The coefficient of performance (COP) of the heat pump is calculated by multiplying the Carnot
COP by the secondary efficiency:

COPreqi = N2na COPcarnot

Where the secondary efficiency n,,4 is set to 0.5'% and the Carnot COP is evaluated with the
temperature lift between the target heat sink temperature (of the water loop in the case of air
heating) and the temperature of the heat source (water loop on air side) after the heat pump:

Tsink,hot [K]
Tsink,hot [K] - Tsource,cold [K]

COPcarnot[—] =

In the case of the heat pump used for air heating, the energy to be provided by the heat pump is
small compared to the amounts of available waste heat and therefore sets a limitation to the size
of the heat pump. In the case of steam generation there is no such limit to the size of the heat
pump system, as the amount of steam required for the cylinders is very high. Thus, the mass
flow of water used to harvest heat from hood exhaust air is set to 100 kg/s'* as a constraint for
the system size in that case.

In the present case, the two measures related to the use of heat pumps and the four fuel switching
measures are set as mutually exclusive. A combined heat pump configuration in which the
extracted energy from the hood exhaust air is used successively by two heat pumps for air
heating and steam generation is stored in a separate module (as an individual option), since the
temperature of the heat source used by the heat pump in second position needs to be calculated
anew.

6.4 Results

This section presents the effect of the individual and combined measures on the energy
consumption of the analysed drying section (subsections 6.4.1 and 6.4.2). This is followed by
the description of the economic assumptions (in 6.4.3) used for the cost analysis and the
summary of its results as marginal energy-saving cost curves and marginal abatement cost
curves (subsections 6.4.4 to 6.4.9).

6.4.1 Specific energy savings

The calculated steam and power savings for the implementation of individual measures and
combinations of measures at the analyzed drying section are shown in Figure 6.6. The steam
savings correspond to the amounts of inlet fresh steam saved (and not to the net heat savings).

13 pased on experimental results for a wide range of high temperature heat pumps presented by Arpagaus et al.
2018.

14 This value is a result of a trade-off between a high amount of recovered waste heat and a not too low COP of
the heat pump.
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Figure 6.6: Specific steam and electricity savings for individual measures, combinations of measures, and
current specific energy demand (indicated as Baseline).

The implementation of curtain sizing as a stand-alone measure leads to a reduction of the steam
demand in the drying section by 22% (0.77 GJn/tpaper). These steam savings are accompanied
by power savings, due to lower amounts of air to be circulated through the hood and the removal
of 12 redundant drying cylinders in the post-drying section.

Closing the hood allows to reduce the steam demand for air heating by 62% (0.27 GJw/tpaper)
and leads to overall steam savings of 8%. A further benefit of this measure is a reduction of
0.04 Glei/tpaper in the power demand for ventilators due to lower mass flows of air in the hood.

Replacing the iron cast cylinders with steel cylinders leads to an improvement of the heat
transfer coefficient of the dryer shell by 11.6% and thereby allows to shorten the pre-drying by
two and the post-drying section by one cylinder. As a consequence, the power demand for
cylinder drives is reduced by 5% (0.011 GJei/tpaper). On the other hand, the improved heat
transfer leads to a small overall increase by 0.6% (0.02 GJin/tpaper) in the mass flows of steam
required for the dryers (see equations (35) and (36)). The 2.8% savings in steam for air heating
(0.012 GJin/tpaper) are the consequence of a by 3.8% higher final humidity of the product
compared to the reference case, induced by the method for measure evaluation based on
“cylinder removal”. Since the reduction in the number of required cylinders affects both the
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pre- and the post-drying sections, this measure can be seen as an opportunity to improve the
capacity of the paper machine by increasing the speed of the paper machine compared to the
reference case, instead of shortening the drying sections. In the present case, a theoretical speed
increase of 7% is calculated which corresponds to additional 2 tons of paper produced per hour.
Since this measure leads to a small increase of the overall energy consumption of the drying
section it is not included in the further analysis of the following sections.

The heat pump for air heating allows to substitute the steam for air heating and thereby leads to
areduction by 12% (0.43 GJw/tpaper) Of the steam demand in the drying section. The temperature
lift between the heat source®® and the heat sink'® is equal to 78.2°C which leads to a value of
2.48 for the COP, and therefore the steam savings are accompanied by an increase by 48.5%
(0.14 Gleiltpaper) of the overall power demand as compared to the status quo.

The high steam savings of 0.74 GJ/tpaper assessed for the implementation of a heat pump for
steam generation are accompanied by a high increase of power consumption (0.32 GJei/tpaper)
due to a low COP of 1.87. It is important to note that even more steam could be generated
using the waste heat available in the exhaust air but that a limitation on this heat pump
application was set in order to avoid a too low COP (see section 6.3).

The highest calculated steam savings (1.79 GJi/tpaper) are obtained for the implementation of
curtain sizing, closing the hood and a combined heat pump configuration in which the extracted
energy from the hood exhaust air is used by a heat pump for air heating and a heat pump for
steam generation successively. A disaggregated representation of the steam and electricity
savings respective to the different measures is provided as a waterfall chart in Figure 6.7. This
combination of measures ((1) + (3) + (4) + (5)) will be noted as “All EEM” in the current and
next sections, where EEM stand for energy-efficiency measure.

15 water loop for the heat recovery from the hood exhaust air, 36.8°C
16 water loop for heating the hood supply air, 115°C

17 temperature lift of 113.2°C between the heat source (water loop for the heat recovery from the hood exhaust air,
36.8°C) and the heat sink (steam at 150°C)
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Figure 6.7: Waterfall chart of the calculated energy savings at the level of the energy consumers after
implementing the combination of measures “All EEM” (curtain sizing, closure of the hood and
heat pumps for air heating and steam generation)

6.4.2 Measure’s interactions and energy savings

A comparison between the sum of energy savings of individual measures and their cumulative
effect is drawn in Figure 6.8. The sum of individual effects is 4.9% and 13.3% higher than the
cumulative value of the steam and power demand respectively, when considering both the
curtain sizing and closed hood measures. Interactions at the level of the air mass flow in the
hood are the reason for these differences. Even greater gaps are obtained when waste heat
recovery measures are considered, since the closure of the hood reduces the heat to be supplied
by the heat pump for air heating and leads to an increase of hood exhaust air temperature which
improves the COP of the heat pumps.
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Figure 6.8: Comparison between the sum of energy savings of individual measures and the cumulative value
for following combinations of measures: curtain sizing and closed hood (top), “All EEM” (bottom)

6.4.3 Economic parameters and scenario definition

In this section the assumptions on the price components used for the economic assessment of
the measures and the scenarios defined to depict the evolution of the economic context are
presented.

Information regarding the capital expenditures (CAPEX) of the different energy-efficiency
measures were collected from manufacturers of the respective technologies and are summarized
in Table B.1 in Appendix B. To cover decarbonisation to an extent that cannot be reached only
via the implementation of energy efficiency measures, fuel switching options to different fuels
were included in this work. The CAPEX for heat generation technologies using those fuels were
taken from economic studies or provided by manufacturers and are also presented in Table B.1.

Since only a small share of the electricity demand at the analyzed paper mill is currently covered
with local generation, and other parts of the paper machine (as for example the press section)
consume higher amount of electric power, the electricity demand of the drying section is
considered to be covered with purchased electricity generated off-site. Given the current carbon
neutrality objectives of the German government (BMU 2021), a linear decrease is assumed for
the emission factor of the purchased electricity, until a value of 0 in 2045. The assumption on
emission factors for fuel and electricity, and prices for fuel, electricity, and CO> for 2021 are
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presented in Table B.2 in Appendix B. The hydrogen considered for fuel switching is green
hydrogen produced by water electrolysis using electricity from renewable energy sources, and
therefore its emission factor is set to zero. Lignite from neighboring mines is currently used at
the paper mill to generate the steam required for the paper machine.

Since it was not possible to obtain reliable values for the non-energy- and CO»- related savings
in operating costs (A0PE X ,:rers) Of the selected measures, the value of this variable is set to
zero in the present case study. The economic lifetime of the measures is set to an average value
of 20 years and is varied in the sensitivity analysis presented in section 6.5.2.

Three distinct scenarios were considered in the present work to account for different values of
the discount rate and evolutions of the fuel and COz-prices until the year 2050 as shown in
Table 6.3. Common to all three scenarios is the linear evolution of the CO.- and fuel prices until
2050.

The main scenario called “Trend” is considered the most likely scenario for which the yearly
increase of energy prices was set to 0.25% based on Schlesinger et al. (2014) and the discount
rate to 15% based on Brunke (2017).

In the “Negative” scenario, which depicts a situation where the economic background has an
unfavorable impact on the implementation of energy-efficiency and COz-emission reduction
measures, no yearly increase of the fuel prices is assumed and high profitability requirements
of industrial companies are reflected in a discount rate of 30%, which is at the higher end of the
values collected in the literature for this parameter by Brunke (2017).

The “Positive” scenario describes a reverse situation where the economic background
encourages the implementation of measures and in which the value of the discount rate is equal
to 10% and fuel prices increase yearly by 1%.

A further distinction between scenarios is made for the value of the CO2-price in 2050 which is
set to about current levels, 100 EUR/tco2 and 250 EUR/tco for the Negative, Trend and Positive
scenarios respectively.

Table 6.3:  Scenario description

Scenarios
Unit Negative Trend Positive
Discount rate % 30 15 10
vearly price %la 0 0.25 1

increase fuels

COg-price in 2050 EUR/tcoz 55 100 250
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6.4.4 Marginal energy-saving costs

A breakdown of the marginal energy-saving cost calculated according to the formulas presented
in section 5.4 for each combination of measures is shown in Figure 6.9 for the trend scenario.
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Figure 6.9: Breakdown of the calculated marginal energy-saving cost for different combinations of measures in
the trend scenario

Although the CAPEX does reduce the calculated cost savings for each combination of measures,
its share in the energy-cost saving lies well below the share of the OPEX related to fuel and
electricity consumption and CO2-emissions.

In most cases the CO»-related cost constitutes the largest share of the marginal energy-saving
cost, which shows that the CO.-price, if it increases until 100 EUR/tco. in 2050, constitutes an
important motivation for the implementation of energy-efficiency measures at the concerned
site (due to the use of lignite to generate steam).

The cost savings related to the implementation of combinations of measures that involve waste
heat recovery using heat pumps are lower than for the other energy-efficiency measures due to
the additional costs related to the electric power consumption. Apart for the heat pump for steam
generation considered individually, the negative costs (i.e. “savings”) outweigh the positive
costs and the overall marginal energy-saving cost calculated over the measure lifetime is
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negative. Despite the unfavorable electricity to natural gas price ratio (around 3.5), the heat
pump for air heating is an economic measure due to the high cost savings of avoided CO-
emissions.

Since the assumed economic lifetime of the measures of 20 years is higher than the typical
value for heat pumps found in the literature (around 15 years), additional model runs were
performed for average lifetimes of 10 and 15 years. Resulting marginal energy-saving costs are
presented in Figure C.1 and Figure C.2 in Appendix C. Although its marginal energy-saving
benefit is around 40% lower than for an assumed lifetime of 20 years, the heat pump for air
heating remains a profitable measure, even in the case of a lifetime of 10 years. The reduction
from 20 to 10 years of the economic lifetime of the heat pump for steam generation leads to a
lower marginal energy-saving cost by 18%.

The marginal energy-saving costs obtained for the different measures when the starting year of
implementation is set to 2030 (instead of 2021) are presented in Figure C.3 in Appendix C.

As expected since the assumed COz-price rises faster than the fuel prices (2,5%/a increase vs.
0,25%/a), implementing the measures starting from 2030 increases the cost benefit reached with
the energy efficiency measures thanks to relatively higher CO»-related cost savings. However,
even in that case the heat pump for steam generation remains a non-economic measure. The
CAPEX-related costs remain unchanged, since the discount rate and CAPEX for individual
measures are assumed to be same as when the starting year is set to 2021.

In order to determine under which economic conditions the use of a heat pump to generate
steam is an economic measure, the marginal energy-saving cost was calculated for different
values of the electricity to gas price ratio*®. As shown in Figure 6.10, the break-even point is
reached for a ratio of 2.6.

It is also important to highlight the impact of the CO»-related OPEX in the MESC of the heat
pump measures, since the MESC for both heat pump configurations is positive over the whole
range of electricity to gas price ratio when CO-related OPEX are not accounted for in the
calculation.
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Figure 6.10: Impact of the electricity to gas price ratio on the marginal energy-saving cost related to the
implementation of heat pump solutions.

18 The gas price remained constant while the electricity price was varied. Electricity to gas price ratios of 2 and 3
correspond to electricity to coal price ratios of respectively 3,5 and 5,2.
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6.4.5 Energy-efficiency cost curve

The energy-efficiency cost curves for the combination of measures with the highest energy
savings ((1) + (3) + (4) + (5)) were built for all three defined scenarios according to the
methodology presented in section 5.5 and are shown in Figure 6.11. The curtain sizing measure
presents the highest energy saving potential of 65.2 GWh/a and the lowest energy-saving cost
of -43.3 EUR/MWh in the trend scenario.

Whereas the calculated final energy savings related to the implementation of each measure
remain same, the energy-saving cost of the measures varies greatly throughout the scenarios.
The cost savings through measure implementation are higher for higher fuel, electricity, and
COq-prices, and as a consequence, the marginal energy-saving costs for the positive scenario
are 35% to 150% below the trend scenario depending on the measures. The MESC of the
negative scenario lies 14% to 60% above the MESC from the trend scenario. Unlike the
negative and the trend scenarios, the marginal energy-saving cost of the heat pump for steam
generation in the positive scenario is negative, which leads to an increase of the economic
potential from 91.46 (for the negative and trend scenarios) to 115.78 GWh/a.
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Figure 6.11: Energy-efficiency cost curves for the combination of measures “All EEM” for the three defined
scenarios. The economic potential is indicated for the trend scenario. The letters in bracket indicate
the calculation sequence.

6.4.6 Measure’s interactions and energy-efficiency cost curve

In the continuity of section 6.4.2 in which a comparison was drawn between the cumulative
effect and the sum of the individual effects of measures on the calculated energy savings, Figure
6.12 shows the energy-efficiency cost curve built in both cases for the combination of measures
“All EEM”. The sum of individual energy savings is higher than the cumulative value and the
difference in the calculated annual energy saving potential increases for every additional
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measure considered: it is equal to 5.15 GWh/a for the combination (1) + (3) and to 18.5 GWh/a
for “All EEM”.

On the other hand, no clear trend is observed for the marginal energy-saving cost since the
cumulative MESC is 4.88 EUR/MWh higher for the closed hood measure than its individual
value, but 6.7 EUR/MWh and 12.1 EUR/MWh lower for the heat pump for air heating and
steam generation respectively. The latter difference is explained by the fact that closing the
hood leads to a reduction of the heat to be supplied by the heat pump, and therefore to a cost
reduction in the OPEX for electricity.
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Figure 6.12: Energy-efficiency cost curves including the cumulative and individual effect of the combination of
measures “All EEM” in the trend scenario. The letters in bracket indicate the calculation
sequence.

6.4.7 Marginal CO2-emissions reduction costs

The marginal energy-saving costs of the previously considered energy-efficiency measures
were translated into CO2-emissions reduction costs using the formulas presented in sections 5.3
and 5.4, and with the values for the emission factors, boiler efficiencies and prices presented in
section 6.4.3. Furthermore, options for fuel switching to green hydrogen, natural gas, electricity,
and biomass were added to the analysis to cover in-depth decarbonisation options.

The resulting marginal CO.-emissions reduction costs for the different combinations of
measures in the trend scenario are represented in Figure 6.13.

As expected, the marginal CO2-emissions reduction cost is negative for all energy-efficiency
combinations of measures and the CO--related OPEX represents a large share of the cost
savings in those cases.

The calculated marginal CO2-emissions reduction cost of the individual fuel switching options
is negative in the case of biomass and natural gas (-29.5 and -11.1 EUR/tcoz respectively),

and positive in the case of electricity and green hydrogen (293.3 and 268.5 EUR/tco>
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respectively). In the case of biomass and natural gas the cost savings due to CO2-emissions
reduction coupled with the higher efficiency of heat generation from natural gas, outweigh the
additional expenses due to the higher price of biomass and natural gas compared to lignite.

On the other hand, high additional costs are calculated in the case of a fuel switching to
electricity and green hydrogen due to the very high assumed prices for electricity and hydrogen.
As shown in Figure 6.14 a lower total CO.-emissions reduction is reached through
electrification than through fuel switch to green hydrogen. This is due to the indirect emissions
of electricity production and the assumption that the emission factor of the electricity from the
grid is only equal to zero from 2045 onwards. Thus, despite a 37.5% lower assumed fuel price
for the switch to electricity as compared to green hydrogen, a higher marginal CO>-emissions
reduction cost is reached in the case of the electrification measure.

The implementation of energy-efficiency measures jointly to fuel switching options leads to a
reduction in the marginal CO2-emissions reduction cost ranging from 7.9 EUR/tco. for a switch
to biomass to 247.1 EUR/tcoz for a switch to electricity.

Interestingly, unlike in the individual consideration the calculated marginal CO2-emissions
reduction cost for the combination of measures “All EEM + Electricity” is equal to 46.2
EUR/tcoz and thereby lower than the marginal cost of 108.6 EUR/tco2 obtained for “All EEM
+ green hydrogen”, since in this case the cumulative CO2-emissions reduction is high enough
for the fuel price difference to be determinant on the cost hierarchy.

On the other hand, the lower overall CO.-emissions reduction for the combination of measures
“All EEM + Natural” gas as compared to “All EEM + Biomass” leads to a lower marginal CO»-
emissions reduction cost (-42.5 vs -37.4 EUR/tcoz) despite a 4% higher fuel price.
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Figure 6.13: Breakdown of the calculated marginal COz-emissions reduction cost for different combinations of
measures in the trend scenario.
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Figure 6.14: Calculated direct and indirect CO.-emissions reduction for different combinations of measures in
the trend scenario.
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6.4.8 Marginal abatement cost curves

Marginal abatement cost curves for each fuel switching measure coupled with the combination
of energy-efficiency measures with the highest energy savings are presented in Figure 6.15,
Figure 6.16, Figure 6.17 and Figure 6.18 for all three previously defined scenarios.

The combinations of measures which include fuel switching to biomass and green hydrogen
allow to reach a cumulative potential CO2-emissions reduction of 103.7 tcoz/a (equivalent to
0.33 kgcoo/tpaper) Which corresponds to a complete reduction of the energy-related emissions of
the drying section. Through the electrification of steam generation and the fuel switching with
natural gas coupled with energy efficiency measures, potential emissions reduction of 72.3
Ktcoo/a (i.e. 0.23 kgco2/tpaper) and 76.5 Ktcoo/a (i.e. 0.243 kgcoo/tpaper) are obtained respectively.
In the trend scenario the economic potential equals 36.9 ktcoz/a (i.e. 0.12 kgcoz/tpaper) in the
case of the green hydrogen and electrification pathways since only energy-efficiency measures
contribute to this potential, and 62.8 ktcoz/a for the natural gas and 89.8 ktcoo/a (i.e. 0.285
Kgcoa/tpaper) for the biomass.

For the biomass and natural gas pathways, the fuel switching measures are characterized by a
lower marginal CO2-emissions reduction cost than the heat pump for steam generation and are
therefore placed to the left of this latter measure according to the common guidelines for
building MAC curves. This allows a direct visualization of the economic potential related to
these combinations of measures on one hand, but also brings risks of misinterpretation in the
present case where the interactions between measures are accounted for: the CO2-emissions
reduction potential indicated for the fuel switching measures would in fact be higher if no heat
pump for steam generation was included in the combination of measures, since more emissions
would remain after the implementation of the other energy-efficiency measures, and therefore
the potentials indicated for the fuel switching measures are meaningful only for the considered
combination of measures and great care should be given when extracting information from the
MAC curve.

As for the energy-saving cost curve, the cumulative annual potential CO2-emissions reduction
remains same for a specific combination of measures throughout the scenarios, but the emission
reduction cost varies greatly. The cost savings are higher for higher fuel, electricity and COa-
prices, and the calculated emission reduction cost for the positive scenario lies 36% to 145%
below the trend scenario for the energy-efficiency measures. The marginal emission reduction
cost of the negative scenario lies 14% to 60% above the trend scenario for the same measures.
The marginal energy-saving cost of the heat pump for steam generation in the positive scenario
is negative, unlike for the negative and trend scenario. Regarding the fuel switching measures,
the difference between scenarios varies from low (-7% for the positive and +2.5% for the
negative compared to the trend scenario) in the case of the fuel switching to green hydrogen, to
very high for the switch to natural gas (-960% for the positive and +356% for the negative
compared to the trend scenario).
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6.4.9 Measure’s interactions and marginal abatement cost curves

The MACC for the cumulative and individual effects of the energy-efficiency measures
combined with fuel switching to biomass, electricity, green hydrogen or natural gas are
represented in Figure 6.19, Figure 6.20, Figure 6.21 and Figure 6.22 respectively.

The sum of the CO2-emissions reduction potential for individual measures is systematically
higher than the cumulative value for the same combination of measures, by 19.25% for “All
EEM?”, 44.47% (32.16 ktco2/a) after adding the electrification of steam generation and 62.43%
(64.76 ktcoz/a) for “All EEM + the fuel switching to biomass or green hydrogen”.
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Figure 6.19: Marginal abatement cost curves of the analyzed drying section for the cumulative and individual
effects of combination of measures “All EEM + fuel switching to biomass” in the trend scenario.
The letters in bracket indicate the calculation sequence.
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6.5 Sensitivity analysis

In order to test the robustness of the model results presented in section 6.4, the effect of tuning
parameter values and parameters involved in the economic analysis is presented successively
in sections 6.5.1 and 6.5.2.

6.5.1 The effect of tuning parameter values on energy savings

In the present case study, only a few data points were available at the paper mill for the humidity
and the temperature of the paper web along the paper machine. As a consequence, the model
was calibrated with a very limited data set, and the uncertainty on the values of the tuned
parameters is high.

However, different sets of tuning parameter values which lead to the same overall amount of
humidity removed from the paper web as in the status quo, only affect the savings related to
changes in heat transfer at the cylinder level or the amount of water to be evaporated, i.e. the
implementation of curtain sizing and steel cylinders in the present case.

For those cases, a sensitivity analysis was performed by calculating the impact of different sets
of tuned parameters on the energy savings of those measures, where all sets of tuned parameters
fulfill the condition that the resulting mean absolute percentage error between the measured and
calculated paper web humidity in status quo lies below 5%.

Values below 0.53 and above 0.73 kW/m?.K for the contact heat transfer coefficient (hepo) do
not allow to calibrate the humidity of the paper web to the measurements with a maximum error
of 5%. In the reference case, the value for the heat transfer coefficient of the condensate (h.)
was not used for the model calibration step and was set to 2.3 kW/m?.K in accordance with
literature values for this paper machine speed, condensate removal systems equipped with
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stationary siphons and dryers with spoiler bars (Ghodbanan et al. 2015). However, since the
exact value of this parameter is not known, the variation of this parameter to a low and high
value of 1.5 and 4 kW/m?2.K (Appel and Hong 1975; Kadant Johnson Inc. 2005) was included
in the present sensitivity analysis. No additional scenario is considered for the fabric reduction
factor FRF since its minimum and maximum values (0.3 and 0.5) are already covered in other
scenarios.

The resulting energy savings for the different scenarios (i.e. sets of tuned parameters) are shown
in Table 6.4. The gaps obtained between the different scenarios and the reference scenario are
lower than 0.18% in the case of the replacement of iron cast cylinders with steel cylinders.
Regarding the implementation of curtain sizing, a maximum difference of 2.6% for the steam
savings in the high h,. scenario and 2% for the power savings is obtained for the low h,,
scenario as compared to the reference scenario.

This shows that despite variations in the tuned values, the chosen set does not greatly affect the
calculated energy savings, as long as the model is fitted with reasonable accuracy to plant data.
This can be explained by compensation effects occuring between the parameters, since reaching
the same overall drying effect is a condition for determining the sets of tuned parameters.

Table 6.4:  Sensitivity analysis: effect of tuning parameter sets on calculated energy savings. The steam and
power savings are expressed as a percentage of the steam and power demand in status quo.

Curtain sizing Steel cylinders
Scenario Total steam Total power Total steam Total power
Set of tuning parameters savings savings savings savings
Reference: 0 0 0r2) 0
hepo=0.68/ FRF =0.45/ hy = 2.3V 22% 25.6% -0.22% 3.9%
LOW Repo: 19.6% 27.6% -0.08% 3.9%
hepo =0.535/ FRF =0.3/ hy =23 ' ' ' '
High hgpg:
B =073/ FRF =05/ h..=23 21.9% 25.4% -0.26% 3.9%
cp0 — VY- - Y sc — &

Low hyc: 22% 25.4% -0.16% 3.9%
hepo=0.78/ FRF =03/ hs =15 ' ' '
High hg,:

19.4% 27.2% -0.22% 3.9%

hepo =055/ FRF =043/ hy. =4

1 The heat transfer coefficient of the condensate in the drying cylinders, although not used as a tuning parameter
for the model validation (5.1.3), is varied here due to the high uncertainty regarding its value in the present case
study.

2) The negative steam savings are caused by the improvement of the heat transfer coefficient of the cylinder shell,
more details are provided in section 6.4.1.

6.5.2 The effect of selected parameters on the results of the economic analysis

To assess the robustness of the economic analysis against uncertainties in the parameter
definition several additional models runs were performed in which the value of one parameter
was changed at every run to be either 25% lower or 25% higher than in the trend scenario.
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Following parameters were selected since they are characterized by a particularly high
uncertainty (Brunke 2017; Flatau 2019; Zuberi and Patel 2019): the discount rate, the yearly
fuel price, the increase of the CO»-price for the year 2050 (the evolution remains linear in the
considered time frame), and the economic lifetime of the measures.

The resulting energy-efficiency and CO-emission reduction cost curves for the combination of
energy-efficiency measures with the highest energy savings combined with the different fuel
switching measures are shown in Figure 6.23, Figure 6.24, Figure 6.25, and Figure C.4 and
Figure C.5 in Appendix C. The impact of variables on key parameters is summarized in Table
6.5.

As expected, since this variable does not depend on the selected parameters, no variation of the
cumulative annual potential final energy savings is obtained throughout the different
simulations. No sensitivity of the selected parameters is observed on the economic energy-
saving potential due to a higher difference between the individual marginal energy-saving cost
of the measures and zero, than between the different values calculated after parameter variation.
However, the total annual cost for the same combination of energy-efficiency measures is
sensitive to the variation of several parameters, in particular to the CO.-price and the discount
rate where the difference to the trend scenario reaches £8%. An extension of the economic
lifetime of the measures by 25% leads to 2.4% lower total annual costs and a decrease by 25%
leads to 4.4% higher costs'®. A variation of 25% in the yearly fuel price increase leads to a very
small difference of £ 0.1% compared to the trend scenario.

The average economic lifetime of measures is the only varied parameter which is used for the
calculation of the cumulative CO2-emissions reduction and its influence on this variable is
rather low (between +0.7% and +1.4%) for the energy-efficiency measures combined with fuel
switching to hydrogen, biomass and natural gas. The impact of this parameter is higher (£8.5%)
for the energy-efficiency measures combined with a fuel switching to electricity, which is due
to the fact that the value for the average emission factor of electricity is calculated over the
measure’s lifetime.

As for the economic energy-saving potential, the economic CO2-emissions reduction potential
depends on the difference between the individual marginal CO2-emission reduction cost of the
measures and zero. An important sensitivity for this variable is obtained for the set of measures
“All EEM + fuel switching to natural gas”, since the fuel switching measure is uneconomic for
a lower COz-price.

Small variations of the economic CO2-emissions reduction potential in the range +0.2-0.6% are
also obtained for all combinations of measures when the economic lifetime of the measures is
varied, due to a slight variation of the potential CO2-emissions reduction.

At last, the total annual cost of the considered combinations of measures is sensitive to all varied
parameters due to the impact those parameters have on the marginal CO2-emission reduction
cost of the individual measures. The sensitivity of this parameter is the highest for changes in
the COz-price for which the annual cost variation ranges from +4.4% for the combination of
measures which includes fuel switching to hydrogen, to £12.9% for the combinations of
measures including fuel switching to electricity and biomass. The total annual cost is also

19 The asymmetry in the variation of the TAC despite a symmetric variation of the economic lifetime of the
measures is due to the non-linear relationship between the annuity factor and the discount rate and the economic
lifetime of the measures (see Equation (70)).
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sensitive to the discount rate since the absolute value of the variations to the trend scenario lies
between 2.6% for the combination of measures which includes fuel switching to hydrogen, and
11.7% for the combination of measures that includes a fuel switching to biomass due to the
high CAPEX which characterize this fuel switching measure.

The effect of changes in the yearly price increase on the total annual cost is low with a maximum
of £0.78% for the combination of measures that includes the electrification of the steam
generation. In this case the importance of the OPEX related to electricity purchase among the
other components of the annual cost makes this combination of measures more sensitive to
assumptions related to fuel prices.

Finally, variations of the average economic lifetime of measures impact the total annual cost of
combinations of measures for which the CAPEX represents an important share of the annual
cost. This is the case for a fuel switching to biomass for which the calculated annual cost is
3.7% lower and 6.8% higher than in the trend scenario. On the other hand, for combinations of
measures with low CAPEX the impact is limited, as for example the combination of measures
that includes fuel switching to hydrogen for which a variation of -0.9% and +1.7% is obtained
for an increase and decrease of the average lifetime of measures by 25% respectively. The total
annual cost for the combination of measures that includes steam generation with electricity is
impacted by -2.94% and +5.16% for an increased and decreases economic lifetime of the
measures, due to the relation between the average emission factor of electricity and the average
lifetime of the measures.
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Table 6.5:  Sensitivity analysis: effect of parameter variations on the results of the economic analysis for the
trend scenario. The values correspond to the percentage difference between the parameter value
for the given scenario and the reference situation.

-price in . Yearly fuel M ’
COgz-price Discount rate ‘early fue easure’s
2050 price increase lifetime
mbination
Parameter Combination  poo  50s 2506 +25%  -25% +25% -25%  +25%
of measures
Technical final ~ All EEMY NC? NC NC NC NC NC NC NC
energy-saving
potential
Economic final ~ All EEM NC NC NC NC NC NC NC NC
energy-saving
potential
Technical All EEM NC NC NC NC NC NC -14%  1.4%
CO,-emissions
reduction AIEEM+ NC NC NC NC = NC  NC  -07% 0%
potential biomass
All EEM + NC NC NC NC NC NC -8.5% 8.5%
electricity
All EEM + NC NC NC NC NC NC -0.7% 0.7%
hydrogen
All EEM + NC NC NC NC NC NC -1.0% 1.0%
natural gas
Economic All EEM NC NC NC NC NC NC 0.6% -0.6%
COz-emissions
reduction All EEM + NC NC NC NC NC NC  02%  -0.2%
potential biomass
All EEM + NC NC NC NC NC NC 0.6% -0.6%
electricity
All EEM + NC NC NC NC NC NC 0.6% -0.6%
hydrogen
All EEM + -41.1%  NC NC NC NC NC 0.3%  -0.3%
natural gas
Total annual All EEM 8.0% -8.0% -7.5% 7.1% 0.1% -0.1% 4.4% -2.4%
cost®)
All EEM + 129% -129%  -11.7% 11.2% : -0.1% 0.1% 6.8% -3.7%
biomass
All EEM + 129% -129% @ -833% 7.80% : -0.77% 0.78% = 5.16% -2.94%
electricity
All EEM + 44%  -4.4% @ -2.8% 26% @ -05%  0.5% 17%  -0.9%
hydrogen
All EEM + 114% -11.4% @ -9.3% 8.8% -0.1% 0.1% 5.6% -3.1%
natural gas

1) All EEM stands for all Energy-efficiency measures, equivalent to the combination of measures (1) + (3) +

(4) + (5).

2) NC stands for “No Change”.
3) Absolute values of the total annual cost are presented in Table C.1 in Appendix C.
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Figure 6.23: Sensitivity analysis of various parameters on the energy-efficiency cost curve of the combination of
measures “All EEM” in the trend scenario
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Figure 6.24: Sensitivity analysis of various parameters on the MACC of the combination of measures “All EEM
+ fuel switching to biomass” in the trend scenario
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7 Conclusion

This thesis closes with summary of the work undertaken, a presentation of the key results, ideas
for future works, and concluding remarks.

7.1  Summary

A multi-step approach was adopted in order to reach the goals of this work, i.e.:

- the quantification of potential energy-efficiency savings and CO2-emission reductions
reached through retrofit measures at the drying section of a paper machine, waste heat
recovery measures and fuel switching for the generation of the steam supplied to the
drying section.

- the analysis of the economic impact of individual measures and combinations of
measures for different scenarios, and the graphical representation of the results using
energy-efficiency cost curves and marginal abatement cost curves accounting for the
interactions between the measures.

- Acomparative analysis between the cumulative effect of combinations of measures and
the sum of the effects of individual measures.

In a first step the existing literature on the analysis of energy-saving and CO-emission
reduction measures related to the energy demand of a multi-cylinder drying section was
reviewed. Despite being a requirement for quantifying the impact of various CO2-mitigation
measures at drying sections, no model was found which encompasses a detailed description of
the drying process itself, the steam cascade, the air and heat recovery systems, as well as the
boiler system.

A further observation drawn from the literature review was that only little attention has been
given previously to the analysis of waste heat recovery from hood exhaust air using heat pumps
and that the interactions between different measures at the drying section have not yet been
quantified.

Besides that, no methodology was found in the literature for the construction of energy-
efficiency cost curves and marginal abatement cost curves based on model simulation results
which accounts for the interactions between measures.

Following these observations, a model of a multi-cylinder drying section encompassing
different modules was developed. The dryers are modelled using a grey-box approach where
mass and energy balances are set-up for an infinitesimal length element of paper web along the
drying section, and the heat transfer coefficients correspond to physical entities of the system.
The integration of the obtained differential equation system over the whole length of the drying
section allows to determine the temperature and humidity profiles of the paper web.

The dryer model was validated using literature data sets from four different mills and an average
agreement of 9.8% for the temperature and 4.8% for the humidity between measurements and
model values was obtained across all data sets.

The model was then extended by black-box modules of the hood, the heat recovery system, the
steam cascade and the energy supply system in order to determine the overall heat and fuel
demand of the drying section.
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In the next step, methods for the energy and economic assessment of measures and
combinations of measures were built on top of the model.

Key to the energy assessment are an iteration on the number of drying cylinders for measures
which impact the moisture profile of the paper web, in order to obtain the same final humidity
of the paper web as in the status quo, and the adjustement of the volume flow of hood supply
air such that it is higher than the minimum supply air flow for which the hood exhaust air is at
dew point. The difference in power consumption between the initial and final system
configurations is assessed for process components impacted by the selected energy-efficiency
measures, i.e. the fans used for circulating hood air and the cylinders drives.

A methodology for the construction of marginal energy-saving cost curves and marginal
abatement cost curves accounting for interactions between measures was also proposed to
graphically represent the model results.

The developed framework was then applied to the drying section of a German mill. The dryer
model was calibrated to plant data using two heat transfer coefficients as tuning parameters and
the effect of following site-relevant energy-efficiency measures was subsequently analysed: the
replacement of film sizing with curtain sizing, the replacement of iron cast cylinders with steel
cylinders, the closure of the current semi-closed hood, and the integration of heat pumps using
hood exhaust air as a heat source to heat the hood supply air to the required hood temperature
and generate steam for the dryers. The model results showed that a reduction of the steam
demand by 28% (0.98 Glw/tpaper) and the electricity demand by 34.4% (0.1 Glei/tpaper) is
expected at the drying section after replacing film sizing with curtain sizing and enclosing the
drying section with a high-performance closed hood. The integration of a heat pump to heat air
on top of those measures should allow to save additional 0.14 GJn/tpaper at the cost of an increase
in the electricity consumption by 0.04 Gle/tpaper. Generating a part of the steam for the drying
section with a second heat pump on top of the implementation of the three previously mentioned
measures could allow additional steam savings of 0.67 GJwm/tyaper at the cost of an increase of
the power demand by 0.26 GJei/tpaper. In Other words, a potential decrease of 51.3% of the steam
demand and an increase by 72.1% of the power consumption uniquely with energy-efficiency
and waste heat recovery measures was calculated for the analyzed drying section.

In the next step, the CO2-emission reduction potentials related to the implementation of the
analysed energy-efficiency measures and fuel switching options to biomass, natural gas,
electricity, and green hydrogen, were assessed based on the previously calculated energy saving
potentials and data of the current energy generation system of the analysed paper mill. An
economic analysis was subsequently carried out for three economic scenarios characterized by
different underlying assumptions on the discount rate, the yearly price increase of fuels and the
COz-price in 2050.

Whereas the technical energy and CO2-emission saving potentials are identical across the
scenarios for each combination of measures (see column marked as “a.” in Table 7.2), high
differences are obtained for the economic potentials, total annual cost and the average marginal
CO.-emissions reduction cost as shown in Table 7.1.

The cost obtained for the negative scenario, which depicts a situation where the economic
background has an unfavorable impact on the implementation of energy-efficiency and CO»-
emission reduction measures, are 13 to 54% higher than in the trend scenario. For the opposite
(positive) scenario the assessed costs lie 28 to 108% below the cost of the trend scenario. The
differences in the economic potentials are due to the heat pump for steam generation being an



Conclusion 105

economic option in the positive scenario, and fuel switching to biomass and natural gas being
uneconomic in the negative scenario.

As shown in Table 7.2 large differences ranging from +1.6% to above 200% are observed
between the individual and cumulative values obtained for the energy savings, CO2-emission
reduction potential, and the total annual cost.

These differences are explained among others by interactions between energy-efficiency
measures on the amounts of air to be circulated in the drying hood and the heat sink temperature
calculated for the heat pumps.

This demonstrates the importance of accounting for interactions when analyzing the
implementation of multiple CO2-emissions reduction measures at a site.
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Table 7.1:  Results of the economic analysis of different measure combinations at the drying section of the
analysed paper mill
Unit Negative Trend Positive
scenario  scenario  scenario
Discount rate % 30 15 10
Yearly price increase fuels® %la 0 0.25 1
CO-price in 2050 EUR/tcos 55 100 250
Measure combination
Curtain sizing + closed hood
Economic CO,-emissions reduction potential  kicoz/a 33.14 33.14 33.14
TAC? KEURz021/a - 2747.37 - 3424.63 -4774.44
MEMRC® EUR2021/tco2 -82.91 -103.35 -144.08
TAC,MEMRC: % change to trend scenario +19.78% - 39.41%
All EEMY
Economic CO2-emissions reduction potential  kicoz/a 36.86 36.86 50.74
TAC KEUR2021/a - 2073 -3177.2 -5385.19
MEMRC EUR2021/tcoz - 40.85 - 62.62 -106.13
TAC,MEMRC: % change to trend scenario +34.77% - 69.48%
All EEM + Biomass
Economic CO,-emissions reduction potential  kicoz/a 36.86 89.85 103.73
TAC KEURz021/a -1778.09 - 3882.55 - 8077.17
MEMRC EUR2021/tco2 -17.14 -37.43 -77.87
TAC,MEMRC: % change to trend scenario +54.21% - 108.04%
All EEM + Electrification
Economic CO2-emissions reduction potential  kicoz/a 36.86 36.86 50.74
TAC KEUR2021/a 4895.21 3343.02 -270.4
MEMRC EUR2021/tcoz 67.69 46.23 -3.74
TAC,MEMRC: % change to trend scenario + 46.42% - 108.09%
All EEM + Green hydrogen
Economic CO,-emissions reduction potential  kicoz/a 36.86 36.86 50.74
TAC KEURz021/a 12723.79 11264.34 8074
MEMRC EUR2021/tco2 122.66 108.59 77.84
TAC,MEMRC: % change to trend scenario +12.96% - 28.32%
All EEM + Natural gas
Economic CO2-emissions reduction potential  kicoz/a 36.86 62.83 76.51
TAC KEUR2021/a -1836.1 - 3269.79 - 6366.2
MEMRC EUR2021/tco2 -24 -42.74 -83.21
TAC,MEMRC: % change to trend scenario + 43.85% - 94.69%

1) Inthe trend scenario the fuel price in 2050 is 7.5% higher than in 2021, whereas in the positive scenario the fuel price

in 2050 is 33.5% higher than in 2021.

2) Total annual cost related to the implementation of measures

3) Average marginal CO»-emissions reduction cost
4) “All EEM” stands for all Energy-efficiency measures, equivalent to the combination of measures: curtain
sizing + closed hood + heat pump for air heating + heat pump for steam generation.
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Table 7.2:  Calculated energy and emission savings potential with and without considering interactions for
different measure combinations at the drying section of the analysed paper mill. The total annual
cost corresponds to the value calculated for the trend scenario. In this table the potential refers to
the technical potential and is therefore independent from economic parameters. The specific steam
and power savings potentials are not indicated for the combination of measures that include “All
EEM” and a fuel switching option since they are equivalent to the values indicated for “All EEM”.

Percentage
Measure combination Unit & NO. b. Inte_ractions change
interaction considered between b.
and a.
Curtain sizing + closed hood
Specific steam savings potential Glmlt 1.03 0.98 +5.15%
Specific power savings potential Glalt 0.11 0.1 + 15.29%
CO2-emissions reduction potential?  ktcoo/a 35.04 33.14 + 5.75%
Total annual cost? KEUR2021/2 -3707.69 -3424.63 - 8.26%
All EEM?
Specific steam savings potential G/t 2.2 1.79 +22.78%
Specific power savings potential GJeilt -0.35 -0.2 -71.5%
CO2-emissions reduction potential ~ ktcoz/a 60.51 50.74 +19.25%
Total annual cost KEUR2021/2 -3229.26 -3177.2 - 1.64%
All EEM + Biomass
COz-emissions reduction potential ~ ktcoz/a 168.49 103.73 +62.43%
Total annual cost KEUR2021/2 -4666.65 -3882.6 -20.2%
All EEM + Electrification
COz-emissions reduction potential ~ ktcoz/a 104.47 72.31 +44.47%
Total annual cost KEUR2021/2 10057.84 3343 +200.86%
All EEM + Green hydrogen
CO2-emissions reduction potential ~ ktcoz/a 168.49 103.73 +62.43%
Total annual cost KEUR2021/2 26200.17 11264.3 +132.59%
All EEM + Natural gas
CO2-emissions reduction potential ~ ktcoz/a 113.02 76.51 +47.72%
Total annual cost KEUR2021/a -3417.94 -3269.79 - 4.53%

1) Includes direct and indirect emissions

2) Related to the implementation of measures

3) “All EEM” stands for all Energy-efficiency measures, equivalent to the combination of measures: curtain
sizing + closed hood + heat pump for air heating + heat pump for steam generation.

At last, a sensitivity analysis was conducted. On the one hand, the robustness of the values
calculated for the energy savings was evaluated against different sets of dryer model tuning
parameters. It showed that the chosen set has very little effect on the calculated energy savings,
as long as the model is fitted with reasonable accuracy to plant data.

On the other hand, the value of key economic parameters characterized by a high uncertainty
(i.e. the CO»-price in 2050, the discount rate, the yearly fuel price increase and the economic
lifetime of the measures) were varied individually by £25% to assess their effect on the results
of the techno-economic analysis.

One result of this analysis was that the technical and economic final energy-saving potential
are not impacted by variations in those parameters. An important impact on the technical CO»-
emissions reduction potential is observed for an increase and decrease of the measure’s lifetime
in the case of fuel switching to electricity since the average emission factor of electricity is
calculated over the measure’s lifetime.
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A lower CO»-price makes fuel switching to natural gas an uneconomic measure and leads
thereby to a 41% lower economic CO2-emissions reduction potential. However, since the EU
ETS is at the heart of the ambitious decarbonization agenda of the EU Commission (ICAP
2021), the CO2-price is unlikely to decrease in Europe in the upcoming decades.

The total annualized cost is rather sensitive to variations of the CO»-price and the discount rate
with variations up to + 13%. Variations in the discount rate affect the most the combination of
measures that includes fuel switching to biomass due to the high related CAPEX.

A sensitivity of the annual total cost to high CAPEX measures is also observed for variations in
the average economic lifetime with variations up to +6.8% in the case of biomass. In the case
of the combination of measures that includes steam generation with electricity, the relation
between the average emission factor of electricity and the economic lifetime of the measures
leads to a sensitivity of -2.94% and 5.15% of the total annual cost in the case of increased and
decreased measure lifetime respectively.

7.2 Future work

Several topics were identified in the course of this work which were not in the focus of the
defined goals, but do offer potential for future research. A short selection of some of the main
topics includes:

- the analysis of the feasibility of the selected measures: the implementation of energy-
efficiency measures is in practice subject to different constraints of practical order. For
example, the drives of the paper machine may limit the possible increase in the paper
machine speed, and high electricity prices, high investment costs and space availability
all constitute obstacles to the implementation of high temperature heat pumps at the
drying section of paper machines. The evaluation and quantification of obstacles for
example in terms of economic penalties is recommended for future work.

- the validation of the calculated energy-savings through measurements after the
implementation of the selected measures at the considered mill. Although the sensitivity
analysis presented in section 6.5.1 attests of the robustness of the calculated energy-
savings for different sets of tuning parameters, it can’t be considered a sufficient proof
for the predictive value of the model. Therefore, the verification of the calculated energy
savings after measure implementation is recommended for future work.

- extensions of the model to cover other heat and electric power consumers beyond the
drying section at the paper mill. The focus in this work was set on the depiction of the
energy demand of the drying section and the invesment cost for the steam generation
capacities were defined according to the steam demand of the drying section and
therefore correspond to a lower cost limit. A global picture on the energy consumers
would allow a more realistic economic depiction of the fuel switching measures.

- amore accurate description of the local energy generation system (e.g. accounting for
coupled heat and power production, part-load behavior), and the linkage to the temporal
dynamics of the “off-site” energy system in particular regarding energy prices and fuel
availability. Increasing the level of detail would allow among others to gain insights on
the economic potentials of a flexible energy demand and supply, and to quantify
“negative” side-effects of energy-efficiency measures due to the induced part-load
behavior of the local energy generation system.

- the analysis of the effect of seasonal temperature and humidity fluctuations on the
calculated energy savings in particular regarding waste heat recovery potentials.
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7.3 Concluding remarks

The developed model-based framework can be used for improving drying sections with various
configurations. Its application to the drying section of a German paper mill showed that very
high energy savings can be reached at the analysed drying section with a small selection of
energy-efficiency measures. In a way these high saving potentials were to be expected since the
considered paper machine was installed several decades ago, and paper machines have been
improved since then. Because of their high capital-intensity, old paper machines are replaced
with newer paper machines only at the end of their lifetime which means that many old paper
machines are still in operation and high energy saving potentials still remain untapped.

Also, certain energy-efficiency measures considered in this case study apply to recently
installed paper machines as well, like the implementation of curtain sizing and waste heat
recovery using heat pumps, which means that the energy performance of newer systems can be
improved too.

However, the fact that the integration of heat pump for steam generation was assessed to be a
non-economic solution at the analysed drying section will apply to other paper mills as well,
due to high temperature lifts and unfavourable economic conditions.

The remaining COz-emissions after implementing energy-saving measures may be fully
mitigated using fuel switching options but the rentability of the measures highly depends on the
prices of fuels and CO.-certificates. In the case study, fuel switching to electricity and green
hydrogen do not constitute competitive options for the three defined scenarios, even in the case
of a high COz-price. For these measures to be economic, hydrogen and electricity prices would
have to be considerably lower than assumed in this work, to an extent where high subsidies
seem unavoidable.

Although rising CO.-prices shall encourage industries to implement fuel switch measures,
recent high fluctuations in fuel prices constitute obstacles to investments in fuel switch projects.
And with a growing concurrence around green fuels, prices are expected to grow further. This
shall increase even more the role to be played by energy efficiency in the decarbonisation of
industrial systems.

The large differences obtained between the individual and cumulative values for the energy
savings, COz-emission reduction potential, and the total annual cost in the case study
demonstrate the importance of accounting for interactions when modeling multiple CO2-
emissions reduction measures, be it at the scale of an industrial site, or at regional level.
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A. Appendix: Derivation of model equations

Derivation of Equation (1):

Air diffusion

Stefan flow ) _
(bulk flow which Water diffusion

compensates air
diffusion)

Paper web

As represented above, the total vapor flux j is the sum of the convective and diffusive flux:

My dpw | PwMy
= —D v,
)= =PwaRT, 4z T RT, °

Where D,,, is the mass diffusivity (m?/s) from water to air and V, is the bulk flow velocity of
air (m/s) expressed as:

VO — Daw dpa
Do dz

On the basis of force and counterforce D,,, = D,,,, and with the Dalton’s law for an ideal gas

mixture p,, + pg = Pror and % + ddlzw = 0. Thus, the total vapor flux j can be expressed as:
. DawMyPtor APa
RTy,p, dz

After integration on the whole thickness of the diffusion layer Z and with the mass transfer
coefficient K = D“T‘” , Equation (1) is obtained:

. _ KM,,Ptot Ptot — Paw
Qevap = T In| ——

P Ptot — Ppw

Derivation of Equation (6):

According to the ideal gas law:

_ PtotVM
RT

Furthermore, the Dalton’s law states that the total pressure for an ideal gas mixture is equal to
the sum of the partial pressures of each individual component at the same temperature (T) and
total volume (V) of the mixture. Thus, for a gas mixture composed of water vapor and dry air:
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_ PawVMy __ PdryairVMg
Ptot — Paw » Mwater vapor — RT and mdry air — RT

pdry air

The absolute humidity of water in air can thus be expressed as:

mwater vapor __ waaw

Mary air - Ma (ptot - paw)

Xq =
Which leads to following expression of the partial pressure of water in air with M,, = 18 g/mol

and M, = 29 g/mol:

X

_ a
paW - xa + 0.62 ptOt

Derivation of Equation (24):

The heat transfer rate for heat conduction across cylinder walls can be expressed as:

dQ dT
= E = _Ashell - 2mrL - E Tb

And thus: - Ta

dr _ _Ashell - 2nL - dT /
o Q L

The integration of this expression along the thickness of the cylinder shell results in:

Q

_ Asnen * 2L~ (T, — Typ)
- D
2

75 ~ Usheu

Furthermore, per definition the heat transfer rate is the product of the heat transfer coefficient,
the surface of heat transfer and the temperature difference.

Q= hshell “Ape (Ta - Tb)

Considering the surface of heat transfer as the surface of the inner cylinder:

D
Ay = 2mL - (E - tshell)

And thus Equation (24) is obtained:

h _ Ashell
shell — D

D
(7 - tshell) *In D4
5 ~ Ushen
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B. Appendix: Data and assumptions

Table B.1:  Main assumptions on the CAPEX of the selected measures. Source: Own assumptions based on
values provided by technology manufacturers, Fattler et al. (2019), Sommerhalder et al. (2007).

Unit Value
Curtain sizing EUR021/unit 2 000 000
Closed hood with high dew point EUR2021/meter of hood 13500
Heat pump for air heating EUR2021/KWih output 300
Heat pump for steam generation EUR2021/KWih output 4009
Biomass boiler EUR2021/KWih output 400
Electro-/Electrode boiler EUR2021/KWih output 90
Green hydrogen boiler EUR2021/KWih output 99
Natural gas boiler EUR2021/KWih output 90

1) The difference to the CAPEX assumed for the heat pump for air heating is due to the higher temperature lift.

Table B.2:  Assumptions on the thermal efficiency of a boiler system for different fuels, the emission factors for
fuel and electricity, and the prices for fuel, electricity, and CO, for the year 2021

Thermal efficiency

of boiler system Emission factor Price

Unit % g/kWh EUR-Ct2021 /kKWh
EUR2021 /tCO2

Lignite 87.3Y 360 1.57
Natural gas 952 201.2 2.6%
Biomass 83%) 0 2.59
Electricity 994 400.6% 910
Green hydrogen 95% 0 14.410
CO,-price - - 53.512

1) Current thermal efficiency of the local heat generation system

2) Biedermann and Kolb (2014)

3) Jossart et al. (2015), Vakkilainen (2017)

4)  Schuewer and Schneider (2018)

5) 10% above thermal efficiency for natural gas system according to technology manufacturer

6) Value obtained for a linear decrease until 0 in 2050, with a value of 434 gco2/kWh for the domestic power consumption
in 2019 taken from (UBA 2021)

7) Local lignite providers

8) Includes grid charges. Based on European Energy Exchange (EEX) stock exchange prices (consulted on 14.07.2021) and
discussions with experts from the industry branch.

9) Price for wood chips (CARMEN e.V. 2021)

10) Includes the grid and reallocated capacity charges. Based on European Power Exchange (EPEX) spot market (consulted
on 14.07.2021) and discussions with industry experts. In Germany, Paper mills are usually exempted from the renewable
energy reallocation charge on the electricity purchase (in German “EEG-Umlage”) due to their high energy consumption.

11) Based on the “Hydrogen-Index” proposed by the company E-Bridge Consulting GmbH (consulted on 14.07.2021)

12) OTC EU CO2 Allowances 2022 (consulted on 14.07.2021)



Appendix: Additional details on results 125
C. Appendix: Additional details on results
OOPEX CO2 OOPEX Fuel TOOPEX Electricity OCAPEX OTotal
Curtain sizing (1) -868-| [-1557] 2108 | | 532
-40.91
Closed hood (3) [-13.15]-14.72] 2078 | 15.74 ]
3201 |
Heat Pump for 2693 | 3802 51.26 | Jss
air heating (4) -4.92 |:
Heat Pump for EEEEEEEEEoR -52.25 104.42 | 17.96 |
steam generation (5) 33.11
Q) +@3) -9.09 [ [-15.49] -2186 | 8.60
5785 |
1)+ (3)+4) -5.00—| [-1626 ] -22.96 | 8.56
3567 |
1)+ @3)+(5) | 1943 | 2743 |izeg | 1027
2491 |
W)+ @)+ @) +©®) | 083 | 2709 J1z78] ] 1014
2389 _|
100 50 0 50 100 150

Marginal energy-saving costin EUR/MWh

Figure C.1: Breakdown of the calculated marginal energy-saving cost for different combinations of measures in
the trend scenario with an average economic lifetime of the measures of 10 years
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OOPEX CO2 OOPEX Fuel OOPEX Electricity OCAPEX OTotal

Curtain sizing (1) 871 [-1s61] 228 [ | 456

-42.44

Closed hood (3) [-13.29]-14.76] 2145 [1351]

-35.89

Heat Pump for 2701 | -39.24 51.41 | |75
air heating (4) -7.31 |:
Heat Pump for | 3113 -53.93 104.73 | 15.41]

steam generation (5) 29.09

1) +@) 012 [-1553] 2257 | ]73s

-39.84

Q)+ @3)+(4 01| [-1631] 2370 | |7as
-37.68
1)+ (3) + (5) | 1949 | 2831 Ju7r| |ser

-27.27

W)+ + 4+ [ 1980 [ 2880 [1382] ]sm

-26.25

-100 -50 0 50 100 150

Marginal energy-saving costin EUR/MWh

Figure C.2: Breakdown of the calculated marginal energy-saving cost for different combinations of measures in
the trend scenario with an average economic lifetime of the measures of 15 years
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OOPEX CO2 OOPEX Fuel OOPEX Electricity OCAPEX O Total

Curtain sizing (1) -892-| [16.00] -2854 |[] 426
-49.20
Closed hood (3) f135d15.19 26,99 [12.67
-43.02
Heat Pump for -27.68 | -49.38 52.69 | | 7.04
air heating (4) -17.34
Heat Pumpfor |  -38.05 -67.87 107.33 |14.40]
steam generation (5) 15.81
1) +(3) 935 | |15.92] 2840 | |e.89
-46.77
O+ +@®) 514 | [-16.72] 2082 | |6.86
-44.82
M+E)+6) [[1097] 3562 o] 823
-35.35
1)+ (3) + (4) + (5) [2038| 3635 [1416] |813
-34.43
150 50 0 50 100 150

Marginal energy-saving costin EUR/MWh

Figure C.3: Breakdown of the calculated marginal energy-saving cost for different combinations of measures in
the trend scenario with an average economic lifetime of the measures of 20 years, implementation in

2030
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Table C.1: Calculated total annual cost in KEUR2o21/a for different combinations of measures and parameter
variations in the trend scenario

Trend CO2-pricein Discount rate Yearly fuel Project lifetime
2050 price increaseV

Parameter 25%  +25%  -25%  +25%  -25%  +25%  -25%  +25%
variation
Measures
All EE -3177.2 29228 -34316 -3416.1 -2950.4 -3174.8 -3179.6 -3038.9 -3253.7
All EE + -3882.6 -3383.1 -4382 -4338.5 -3449.6 -3886  -3879.1 -3619.1 -4028
biomass
All EE + 3343 38425 2843.6 3019.7 36459 3313 33732 35435 3220.1
electricity
All EE + 112643 11763.8 107649 109542 11556.8 11207.6 11321.4 11450.2 11160.2
hydrogen
All EE + -3269.8  -2896.2 -36433 -3574.1 -2982.8 -3271.8 -3267.7 -3087.4 -3372.1
natural gas

1) Fora25% lower yearly fuel price increase than in the trend scenario (0.19%) the fuel price in 2050 is 5.6% higher than
in 2021, whereas for a 25% higher yearly fuel price increase than in the trend scenario (0.31%), the fuel price in 2050 is
9.5% higher than in 2021.
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Figure C.4: Sensitivity analysis of various parameters on the MACC of the combination of measures “All EEM

+ fuel switching to green hydrogen” in the trend scenario
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Inhalt

Paper drying is the most energy-intensive step in paper making and leads to significant CO»-
emissions at paper mills where fossil fuels are used to generate the required heat. From the
different technologies used for paper drying, multi-cylinder paper drying is the most widespread
method constituting around 90% of the installed capacity.

In this research a model was developed in MATLAB which encompasses all modules needed for
the assessment of energy-efficiency and CO»-saving measures in multi-cylinder paper drying.
Methods for the energy and economic assessment of measures and combinations of measures
were developed on top of the model, and a new methodology for the construction of marginal
energy-saving cost curves and marginal abatement cost curves accounting for interactions
between measures was proposed.

The developed framework was applied to the drying section of a German mill to analyse the
effect of the replacement of film sizing with curtain sizing, the replacement of iron cast cylinders
with steel cylinders, the closure of the current semi-closed hood, and the integration of heat
pumps using hood exhaust air as a heat source to heat the hood supply air and generate steam for
the dryers. The model results showed that a reduction of the steam demand by 51.3% (1.79
GJw/tpaper) at the cost of an increase of the electricity demand by 72.1% (0.2 GJei/tpaper) due to the
operation of heat pumps is expected at the drying section after implementing all energy-
efficiency measures. For the same combination of measures, the calculated technical and
economic COz-emissions reduction potentials are equal to 0.16 kgcoz/tpaper and 0.12 kgcoa/tpaper-
Implementing fuel switching from coal to alternative fuels in addition to the energy-efficiency
measures allows to reach a total technical CO2-emissions reduction potential of 0.33 kgcoz/tpaper
in the case of a fuel switch to biomass or green hydrogen, and 0.24 Kgcoo/tpaper fOr a switch to
natural gas or electricity.

Differences ranging from +£1.6% to above +200% are observed between the individual and
cumulative values obtained for the energy savings, CO2-emission reduction potential, and the
total annual cost which demonstrates the importance of accounting for interactions when
analyzing the implementation of multiple CO2-emissions reduction measures at a Site.
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