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A B S T R A C T   

The contribution of the industrial sector is essential to realize long-term energy and climate policy goals. The 
present research paper explores trajectories improving energy efficiency and reaching net-zero emissions in the 
Swiss pulp and paper industry by 2050. A techno-economic bottom-up cost optimization model is developed 
based on the Swiss TIMES Energy system Model (STEM) and applied for a scenario analysis. Establishing an 
advanced modeling methodology including material and product flows in addition to energy flows, allowed us to 
assess explicit process improvements and the impact of specific innovative production technologies. Further-
more, this paper demonstrates the value of dividing industrial heat demand into different temperature levels 
which enables a detailed assessment of high-temperature heat pumps and waste heat recovery as important 
decarbonization options in industry. The results of the scenario analysis performed with this advanced model 
show that an energy reduction of 23% and a reduction in the annual CO2 emissions of 71% until 2050 would 
result from a cost-optimal technology deployment even without major policy intervention, given the assumptions 
made on technology progress and costs. These improvements are achieved by fuel switching, improvements in 
the production processes and deployment of efficient technologies, in particular high-temperature heat pumps 
and efficient motors. Achieving a net-zero goal in the pulp and paper industry by 2050 requires increased 
amounts of biomass in the short term and additionally high-temperature heat pumps up to 200 ◦C in the long- 
term in case of biomass scarcity. On the other hand, this leads to 49% higher energy related costs compared to 
the baseline development, if all other sectors decarbonize simultaneously to reach net-zero CO2 emissions in 
Switzerland.   

Introduction 

Pulp and paper industry 

Limiting the global temperature increase well below two degrees 
Celsius as intended by the Paris Agreement is a challenging goal that 
requires CO2 mitigation from all energy supply and demand sectors. As 
an energy-intensive industry sub-sector, pulp and paper production 
plays a major role in energy and emission reduction strategies. The 

confederation of European paper industries (CEPI) states that paper 
industry is at the forefront of a low-carbon bioeconomy and its ambition 
is to make the low-carbon circular bioeconomy a reality in Europe [1]. 
This urges for an industrial transformation with investments in new 
sustainable manufacturing technologies and practices. A common 
technique to assess long-term developments of energy consumption and 
emissions mitigation measures is the application of techno-economic 
optimization models [2,3]. This paper extends such a model with ma-
terial flows and production processes and focusses on energy efficiency 
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and decarbonization1 of the paper and cardboard making process on the 
example of the Swiss pulp and paper industry. 

Swiss energy and climate policy and the role of pulp and paper industry 

The Swiss Energy Strategy 2050 (SES), accepted in 2017 through 
public referendum, targets a reduction of the final energy consumption 
per capita of 43% and a reduction of the electricity consumption per 
capita of 13% from 2000 until 2035 [5]. Until 2018 the final energy 
consumption has decreased by 21% and the electricity consumption has 
been reduced by 7%, which means that a further reduction until 2035 is 
required to reach the goals of the SES. In addition to this, Switzerland’s 
Federal Council has declared a target to reach net-zero emissions until 
2050 [6] which is in-line with the goal of the Paris Agreement that 
Switzerland ratified in 2017. 

Industry is one of the main energy demand sectors in Switzerland and 
consumed 18% of the total final energy in 20182 [7], after the transport 
and the household sector (38% and 27%, respectively). Furthermore, the 
industry sector accounted for 18% of the total carbon dioxide (CO2) 
emissions in 2018 [8]. Therefore, it is important to assess the contri-
bution of the industry towards the energy and climate policy goals by 
understanding the Swiss industry sector’s energy technology options, its 
interdependencies and its developments. Moreover, reaching the energy 
and CO2 reduction goals should go hand in hand with the economic 
competitiveness of the Swiss industry, because this sector provides the 
second most jobs in Switzerland (only after the services sector) and 
employs approximately one million people [9]. Focusing on the pulp 
and paper sector, the present study shows long-term energy efficiency 
and decarbonization trajectories to assess the contribution of the pulp 
and paper sector towards an energy efficient and decarbonized Swiss 
industry. As such, this study complements the authors’ earlier studies on 
other energy-intensive industries in Switzerland [10]. 

Swiss pulp and paper industry 

Pulp and paper production 
Swiss pulp and paper mills produced around one million tons of 

paper products in 2018 [11]. Besides the conventional products, such as 
newsprint, graphic paper, packaging paper and tissue, the Swiss paper 
industry also produces very specialized products like filter, cleaning and 
banknote paper. Table 1 provides an overview of the paper mills in 

Switzerland and their production volumes in 2018. 
Looking at past production trends (Fig. 1), it can be seen that the 

closing of the paper mill in Utzenstorf in 2017 led to a rapid decline in 
production volumes of newsprint and graphic paper in 2018. Despite 
this production drop, the production of graphic paper has decreased by 
39% from 2014 until 2019. During the same period, the production of 
newsprint, tissue and other paper remained stable (-3.5%, +3.0% and 
− 4.8% respectively, neglecting the production drop because of the 
closing of the Utzenstorf paper mill). Only packaging paper production 
has increased (by 14%). Furthermore, Fig. A3 shows that a high share of 
domestically produced paper products is exported, whereas the do-
mestic paper demand is met by imports in the same range. This indicates 
that the Swiss paper industry is in open market competition with other 
countries. 

Pulp production and waste paper recovery 
The material flows in the Swiss pulp and paper industry, including 

paper and cardboard recycling, are shown in Fig. A3 [11,12,13]. Swiss 
paper industries use a high share of recycled fibers as base product 
(755kt). Looking at primary fiber supply, only 101 kt of thermo- 
mechanical pulp is produced domestically and 195 kt of chemically 
produced pulp is imported. 

From the domestic consumption in 2018, 1′258 kt of waste paper was 
collected which corresponds to a collection rate of 82%3. About 993 kt of 
the waste paper is reprocessed and used as a fiber source in domestic 
paper and cardboard production. This represents a domestic recycling 
rate of 65%. However, the use of secondary fiber for paper and card-
board production is limited by the required fiber quality of the end 
products. The material efficiency for recycled paper is around 75%. The 
rest of the recycled paper is then recovered energetically (on site in the 
pulping process or in waste incineration plants). 

This study is focused on the pulp production and papermaking pro-
cess. For an analysis of the whole forest and fiber industry, the whole 
value chain including forestry, transportation, distribution and waste 
paper collection would need to be considered. Furthermore, the research 
is limited direct CO2 emissions only and does not consider the whole 
lifecycle scope nor other environmental impacts (e.g. waste water from 
deinking). 

Energy consumption and emissions in the Swiss pulp and paper industry 
The Swiss pulp and paper industry accounted for 8% of the final 

energy consumption [7] and 2.4% of the CO2 emissions [8] in the Swiss 
industrial sector in 2018. This corresponds to an average specific energy- 
intensity of 10.3 GJ/tpaper and a CO2 intensity of 0.33 tCO2/tpaper. 
Together with cement, glass, steel, metal and chemicals production, 
paper manufacturing belongs to the energy-intensive industry in 
Switzerland. The energy and CO2 intensity strongly depends on the type 
of product, which makes it difficult to compare the Swiss paper industry 
to other countries or best available technique (BAT) values. An esti-
mation on the energy-intensity of different product types is shown in 
Table 2. 

Fig. 2 indicates that the final energy consumption and the annual 
CO2 emissions have decreased from 2012 to 2018 (− 4437 TJ or − 27% 
and − 229 kt or − 58% respectively). Furthermore, because of the closing 
of the paper mill in Utzenstorf in 2017, a drop in the energy consump-
tion can be observed between 2017 and 2018. From 2012 to 2018, fuel 
consumption of natural gas (-2′882 TJ or − 63%), oil (-443 TJ or − 62%) 
and waste (-365 TJ or − 42%) have decreased significantly. These fuels 
were partly replaced by an increase of the district heat consumption 
(+957 TJ or + 27%). During the same period, biomass consumption 
remained at the same level (-27 TJ or – 2%) and electricity consumption 
has decreased (-1′676 TJ or –23%). Taking into consideration that the 
production has decreased from 2014 to 2018 by 26%, the average 

Table 1 
Production of Swiss pulp and paper mills in 2018 [11].  

Company Location Product Production 
[kt/y] 

Perlen Papier AG Perlen Newsprint 362   
Graphic paper 181 

Model AG Niedergösgen, 
Weinfelden 

Packaging paper 400 

Kimberly-Clark 
GmbH 

Niederbipp Tissue 46 

Cartaseta Friedrich 
& Co. 

Gretzenbach Tissue 24 

Swiss Quality 
Paper AG 

Balstal Filter and 
cleaning paper 

22 

Papierfakrik 
Netstal 

Netstal Filter paper 17 

Landquart AG Landquart Banknote paper 5  

1 “Decarbonization” as used in this paper refers to the process of reducing 
CO2 emissions  

2 Although the model horizon starts in 2015, the data from 2018 informs the 
calibration of the model in the year 2020. 3 Tissue paper is not considered in the collected rate 
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specific energy consumption and the average specific electricity con-
sumption have remained at the same levels. It should be noted, that 
because of the product shifts, energy efficiency improvements cannot be 
assessed by merely considering the average specific energy consump-
tion. On the other side, the average specific CO2 emissions have 
decreased because of the reduced natural gas and oil consumption while 
biomass consumption has remained constant and district heat has 
slightly increased simultaneously. 

Research gap 

Previous work in the field of energy system analysis focusing on the 
pulp and paper industry has addressed energy and emission reduction 
potentials of different technologies [14,19]. There are studies with focus 
on long-term transformation pathways to reach energy and climate 
policy goals on a national scale [20,21,22,23,4,24,17,25] or on a 
regional scale [26]. But most of these studies are limited to the pulp and 

paper industry and ignore the interaction with the rest of the energy 
system. Furthermore, the research often focuses only on energy flows 
and does not account for improvements in material efficiency. When 
looking at heat consumption, the temperature level of the heat demand 
is often disregarded, which does not allow an accurate analysis of 
innovative technology options, such as high-temperature heat pumps 
and solar process heat production. In addition to this, studies on other 
countries are only partly representative of the Swiss case. On one hand, 
the climate and energy policy goals are not always matching. On the 
other hand, Switzerland has a very low share of domestically produced 
primary fibers and a high share of recovered fibers compared to other 
countries. Processes like black liquor gasification and CO2 capture from 
chemical pulp do not play a role in the Swiss case, because Switzerland 
does not produce any chemical pulp domestically. 

Considering industrial energy technologies in general, the Swiss 
Competence Center for Energy Research – Efficiency of Industrial Pro-
cesses (SCCER EIP) has concentrated on science and technology that 
helps transform the Swiss industry towards climate and policy goals. 
However, a comprehensive assessment of the pulp and paper industry is 
still missing in this context. Similarly, in technology potential assess-
ments [27,28,29,30,31,32], an in-depth analysis of their impact on the 
pulp and paper sector is lacking. Additionally, when looking at holistic 
energy system models on a national scale, the pulp and paper sector is 
often not treated in detail, although it is an energy-intensive industry 
[2,33,34]. The present study tries to combine the advantages of a na-
tional energy system model (STEM) [3,34] with a detailed technological 
analysis of the pulp and paper sector. 

Methods 

To analyze future trajectories of the pulp and paper sector in 
Switzerland, an integrated techno-economic model has been developed 
specifically for this sector. The model is generally based on the Swiss 
TIMES Energy system Model (STEM) which was developed at the Paul 
Scherrer Institute (PSI). Using The Integrated MARKAL-EFOM System 
(TIMES) modeling framework developed in the International Energy 
Agency (IEA)’s Energy Technology System Analysis Program (ETSAP) 
[35], STEM helps to identify energy and climate policy strategies by 
understanding the energy technology development and its interaction in 
a system context. For this study, the pulp and paper sector module from 
STEM was transformed into a stand-alone model with a more detailed 
representation of the process steps and technologies of this sector. The 
fundamental improvements are described in this section:  

• Expanding the conventional energy/emission flows with material 
flows and production processes that accounts for improvements in 
production processes and material efficiency. 

Fig. 1. Swiss domestic paper production, import and export trends (left) and produced paper products (right) from 2014 until 2019 [11].  

Table 2 
Energy consumption of paper products (based on [14,15,16;17]).  

Product Useful energy consumption 

Total [GJ/tpaper] Electricity [GJ/tpaper] Heat [GJ/tpaper] 

Newsprint  8.58  4.58  4.00 
Tissue  12.31  5.60  6.98 
Graphic paper  9.91  5.10  4.81 
Linerboard  6.15  3.44  2.71  

Fig. 2. Final energy consumption and annual CO2 emissions in the Swiss pulp 
and paper industry [18]. 
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• Distinguishing heat demand and waste heat from production pro-
cesses by different temperature levels that gives the opportunity to 
account for technology efficiencies depending on the desired tem-
perature (e.g. heat pumps and solar heat) and can correctly allocate 
the waste heat potential and its recovery options. 

Model of process steps and material flows 

Energy system models are often focused on energy flows only, while 
the model presented in this paper combines the conventional energy 
flows with product and material flows. This allows the analysis im-
provements of specific process steps. In addition, implications from 
energy related costs of technology development on the production costs 
of paper products can be extracted as a direct result of the model. 

Fig. 3 presents the overall model structure including the major en-
ergy and material flows. A more detailed process diagram of the entire 
pulp and paper sector model is shown in Appendix A1. The pulping 
processes are divided into three streams: Mechanical pulping or thermo- 
mechanical pulping, chemical pulping and recovered (or recycled) fiber 
pulping. The chemical pulping processes are not modelled explicitly 
because chemical pulp is not produced in Switzerland. Thus, opportu-
nities for deployment of negative emission technologies (e.g. by using 
bioenergy with CO2 capture (BECCS) in the chemical pulping process) in 
the Swiss pulp and paper sector are limited. The paper production 
process is divided into the four typical paper products newsprint, 
graphic paper, tissue and cardboard with their respective energy 
consumption. 

Temperature levels of the heat demand and the waste heat potential 

The coefficient of performance (COP) of heat pumps and the effi-
ciency of solar thermal heating systems highly depend on the tempera-
ture lift and the supply temperature. Both technologies might play a role 
in the pulp and paper sector in the future. In order to analyze these 
technologies more thoroughly, the heat demand of the production steps 
is divided into different temperature levels based on [36]: Recovered 
fiber pulping requires heat at 100 ◦C, bleaching at 150 ◦C and drying 
processes at 200 ◦C (Fig. A4). In addition to this, the temperature of the 
waste heat from these process steps is estimated based on our own as-
sumptions. This is vital to assess the potential of internal waste heat 
recovery for other process steps and the usage of waste heat as a heat 
source for high-temperature heat pumps. The high-temperature heat 
pump COP is calculated using: 

COP= f •
Tsink

Tsink − Tsource
= f • COPCarnot = f •

1
ηCarnot  

where: Tsink = Temperature of the heat sink 
Tsource = Temperature of the heat source 
f = Reduction factor (in 2020f = 0.5, in 2030f = 0.525, in 2040f =

0.55) 
ηCarnot = Carnot efficiency 
The investment costs were calculated based on the following func-

tion, based on real data from [27]. 

TCHP = 7 • (ΔT)1.15  

where: TCHP = Total cost for heat pump 
ΔT = Temperature difference from source temperature to sink 

temperature 
A cost reduction factor of 1% per year is considered to account for 

technology learning. 

Data sources 

The specific energy consumption of the production steps shown in 

Fig. 3 is estimated using multiple sources [14–17]. The temperature 
levels of the heat demand and the waste heat potential are estimated 
based on [36]. For each production step, multiple options to improve the 
energy efficiency are available. The technological parameters (e.g. ef-
ficiency, lifetime) and the economical parameters (e.g. investment costs, 
operational and maintenance costs) of the process related technology 
improvements with their respective maximum diffusion are shown in 
Appendix A2.1. All economic parameters refer to a retrofit of the 
existing production facilities, which are assumed to have a remaining 
lifetime of 30 to 60 years [23]. In addition to the process related tech-
nology improvements, multiple energy technology options to supply the 
heat and mechanical energy are available and shown in Appendix A2.2. 

Besides the currency conversion, the economic parameters derived 
from studies scoping on pulp and paper technologies outside 
Switzerland are adjusted to account for the higher labor costs in 
Switzerland compared. The methodology introduced by [37] is applied 
for the cost conversion. 

TCy,CH =
(
SEC,y • CFEC + SLC,y • CFLC,z

)
• TCy,z  

where: TCy,CH = Total cost for technology y in Switzerland 
TCy,z = Total cost for technology y in region z 
SEC,y = Share of equipment cost on total costs of technology y 
SLC,y = Share of labor costs on total costs of technology y 
CFLC,z = Cost factor for labor costs from region z to Switzerland 

(Appendix A3) 
CFEC = Cost factor for equipment costs (=1) 

General assumptions and scenario definition 

Three different scenarios in line with the Swiss energy and climate 
policy targets are described in Section ‘Swiss energy and climate policy 
and the role of pulp and paper industry’ reflecting different transition 
pathways. The model has a time horizon from 2015 to 2050 with 
milestone years every five years. It is calibrated to the Swiss energy 
balance of 2015 [38], which represents the base year in the model. An 
intermediate calibration was done for the milestone year 2020 based on 
the statistical data of 2018, because of the closure of the paper factory in 
Utzenstorf in 2017. 

In all of the scenarios, the model has to produce the same exoge-
nously defined paper demand at least costs (investment, operation and 
fuel costs, taxes etc.). In addition to the scenario specific assumptions 
and boundary conditions, the following general assumptions are made 
in all scenarios: 

The domestic production of paper products is assumed to remain 
stable until 2050 (except for the sensitivity analysis of the cardboard 
demand), Demand of cardboard and tissue is expected to increase in the 
future [1]; however, the domestic demand can also be satisfied with 
imports. 

A social discount rate of 2.5% and a technology specific discount 
rate4 of 8% is applied for new technologies to account for risk and un-
certainty associated with new technologies. 

The consumption of industrial waste for energy recovery is limited at 
2018 levels5. 

The scenario analysis, which follows the narratives of the scenarios 
defined in the Joint Activity Scenarios & Modeling of the Swiss 
competence Centers for Energy Research (SCCER JAS&M) [3], applies 
the following three scenarios: 

4 The technology specific discount rate is used to calculate the annual pay-
ments resulting from a lump-sum investment in some year.  

5 Future work include the implementation of the pulp and paper sector 
module into STEM. Waste allocation in the energy system is then endogenous to 
the model. 
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• BAU - Business as usual 

The business as usual scenario assumes a market environment 
without further policy interaction to reach climate or energy policy 
goals. Existing trends in technology development, energy consumption 
and fuel prices are expected to continue. Nevertheless, technologies will 
be decommissioned at the end of their lifetime and replaced by new, 
more efficient technologies.  

• E-POL – Energy policy 

The energy policy scenario follows the energy and electricity 
reduction goals of the SES based on the assumption that every demand 
sector contributes to the reduction targets at the same rate. The energy 
and electricity reduction per capita translate into specific energy and 
electricity reduction per ton of paper product for the pulp and paper 
sector. The model takes the energy and electricity reduction achieved 
until 2018 into account and therefore only considers further reduction 
from 2018 until 2050. Although no explicit climate goals are defined in 
the E-POL scenario, EU ETS prices are based on a 2.2% linear emission 
reduction factor (announced by the European Commission).  

• CLI – Net-zero 

The indicative goal to achieve net-zero emissions in 2050 announced 
by the Swiss Federal Council provides the baseline for the CLI scenario. 
In this scenario analysis it is assumed that the pulp and paper sector is 
bound to reach zero emissions until 2050. This implies that there is no 
cross-sectoral compensation from the pulp and paper sector to other 

sectors (e.g. negative emissions from the pulp and paper sector could 
compensate for emissions in other sectors or the other way around). In 
addition, the CLI scenario implements more stringent EU ETS prices 
compared to the E-POL and the BAU scenario that are required for deep 
decarbonization. 

The fuel prices for each of the scenarios are taken from STEM [3] and 
are shown in Appendix A4. Besides the three core scenarios from 
Table 3, we performed sensitivity analyses on cardboard demand, 
biomass price and hydrogen technologies. 

Limitations and scope 

The one-way coupling to the energy system model STEM includes the 
most important interaction with the broad energy system. However, it 
does not fully consider the allocation of biomass and industrial waste 
that can be used to produce electricity and heat. The waste consumption 
of the pulp and paper sector has therefore a maximum limit on the 2018 
level and cannot further increase. Because the waste and biomass con-
sumption in the pulp and paper sector represents only a very small share 
of the total waste and the total biomass, the impact on the whole energy 
system is therefore not included in this study. 

The model has perfect foresight of fuel price developments and in-
vestment cost reduction until 2050, which allows optimization for the 
whole time horizon. However, these assumption have a high uncertainty 
and investment decisions are often made based on short-term pro-
jections only. Therefore, real investments can differ from the cost- 
optimal solution that is presented in this study. 

Annual average fuel prices are used in this model whereas volatile 
energy prices can influence the deployment of technologies (for example 

Fig. 3. Extended model of the pulp and paper sector with material and energy flows.  
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high-temperature heat pumps combined with heat storage). This has 
implications for the model’s temporal resolution and the modelling of 
flexibility mechanisms on the demand side (i.e. demand side manage-
ment systems), which exceeds the scope of this paper. 

The costs for process related improvements (Appendix A2.1) are 
retrofit costs to update the plant. However, the costs related to the 
downtime of the production for a refurbishment are not considered. In 
addition to this, all costs refer to the energy related cost of the production 
facilities (no raw material costs, labor costs etc. related to the operation of 
the plant). Therefore, only this share of the production cost for paper 
products can be assessed when interpreting the scenario results. 

Industrial facilities have special delivery contracts and tariffs for 
their electricity and fuel consumption depending on the level of their 
energy consumption. These specific contract conditions, as applied to 
tariffs, for instance, are not captured in our model, but instead an 
average consumer price for industrial consumers is used based on [39]. 
Furthermore, industrial consumers can be exempted from the EU ETS 
when agreeing on individually defined emission or energy reduction 
targets. Because of the aggregated sector modelling, the model is unable 
to cover these individual arrangements. 

Scaling effects of the production facilities and their equipment are 
not fully reflected in a linear optimization model. Accounting for scaling 
effects would require a non-linear model formulation or a discrete- 
choice model with defined size classes. Nevertheless, in our model we 
assume technology parameters which refer to typical technology sizes 
for Swiss conditions while technology deployment in the model is 
assumed to be size independent (i.e. linear). 

Results 

The results of the analysis of the core scenarios are presented in 
Section ‘Energy consumption and CO2 emissions’ to ‘Economic analysis’, 
followed by the sensitivity analysis on cardboard production, biomass 
price and hydrogen technologies in Section ‘Scenario variation’. The 
investigation of the E-POL scenario has revealed that the energy 

efficiency targets defined in Section ‘General assumptions and scenario 
definition’ can only be reached until 2040. Specifically, the goal to 
reduce the electricity consumption conflicts with the reduction of the 
final energy consumption. Improving the energy efficiency requires 
electrification of the heat supply with high-temperature heat pumps, 
which increases the electricity consumption. Without the electricity 
reduction target, the maximum achievable energy reduction until 2050 
is 46%6. This solution is presented in the results as a modification of the 
E-POL scenario and is labelled E-POL*. 

Energy consumption and CO2 emissions 

The results of the final energy consumption and the CO2 emissions 
for the BAU, E-POL* and CLI scenario are presented in Fig. 4. The final 
energy consumption decreases across all scenarios mainly due to the 
costs-effectiveness of energy efficiency improvements. The highest ef-
ficiency improvement is observed in the E-POL* scenario (–32% or − 3.8 
PJ in 2050 compared to 2020) followed by the CLI (-30% or 3.5 PJ) and 
the BAU scenario (–23% or − 2.7 PJ). Electricity remains the main en-
ergy carrier across all scenarios because of the high share of electric 
motors. Furthermore, most heat in 2050 is supplied by the already 
existing district heating networks. However, analyzing the remaining 
share of the heat supply illustrates the difference between the scenarios. 

Table 3 
Scenario overview [3].  

Scenario Energy efficiency1  CO2 reduction  EU ETS CO2 

price  
Overall2 Sector Overall3 Sector  

BAU – – – – 27 EUR/tCO2 in 
2030      
41 EUR/tCO2 in 
2040      
55 EUR/tCO2 in 
2050 

E-POL Final energy consumption 
per capita: 

Final energy consumption 
per tpaper:     

− 43% in 2035 − 28% in 2035     
− 54% in 2050 − 42% in 2050   36 EUR/tCO2 in 

2030  
from 2000 from 2018 – – 73 EUR/tCO2 in 

2040  
Electricity consumption 
per capita: 

Electricity consumption 
per tpaper:   

109 EUR/tCO2 

in 2050  
− 13% in 2035 − 6% in 2035     
− 18% in 2050 − 12% in 2050     
form 2000 from 2018    

CLI – – Net-zero in 2050 from fuel combustion 
and industrial processes 

Net-zero in 2050 from fuel combustion 
and industrial processes 

76 EUR/tCO2 in 
2030      
114 EUR/tCO2 

in 2040      
363 EUR/tCO2 

in 2050  

1 Reference year for energy efficiency target is 2000. 
2 Excluding international aviation. 
3 Excluding international aviation. 

6 A further reduction of the energy consumption would be possible, but it 
would lead to a replacement of the district heat supply by high temperature 
heat pumps. Although this represents the most energy efficient solution when 
looking at the sector only, it is not the most energy efficient solution from an 
energy system point of view. Therefore, the existing district heat capacity is 
defined as a minimum level for the heat supply.  

7 Note that self-consumption of electricity from on-site CHP’s is not included 
in the final energy consumption. 
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• In the BAU scenario, the existing technologies are replaced at the end 
of their lifetime with biomass technologies while the waste con-
sumption for heat generation remains constant over the whole 
period. 

• Because of the lower energy efficiency of thermal boiler technolo-
gies, boilers are decommissioned gradually and replaced by high 
temperature heat pumps in the E-POL* scenario. Besides the district 
heat and waste consumption, the sector is electrified by 2050 in this 
scenario.  

• Biomass plays a major role in the CLI scenario by replacing waste at 
first and natural gas subsequently in the fuel mix due to their rela-
tively high CO2 emissions. However, because of the high biomass 

price in 2050, high temperature heat pumps ultimately become the 
dominant technology to supply the process heat and similar to the E- 
POL* scenario, the whole heat supply is electrified by 2050. A 
sensitivity analysis of the high biomass price is presented in Section 
‘Biomass price in the CLI scenario’. 

Following the past trend, the annual CO2 emissions reduce further in 
all scenarios mainly due to fuel switching, energy efficiency improve-
ments and electrification of the heat supply. The BAU and the E-POL* 
scenario have the same CO2 emission trajectories which results mainly 
from the use of the existing stock in 2020 and the remaining waste 
usage. In the CLI scenarios, net-zero emissions within the pulp and paper 

Fig. 4. Final energy consumption and annual CO2 emissions in the (a) BAU, (b) E-POL* and (c) CLI scenario7  
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sector can be achieved by 2045 through fuel switching to biomass in the 
short term and electrification of the heat supply in the long term. 
Although the CO2 emissions also reduce significantly until 2050 in the 
other scenarios, the pathway to reach net-zero emissions also lowers the 
cumulative emissions over the whole time horizon from 2020 until 
2050. In the CLI scenario, 1.2 Mt of CO2 emissions (or 44%) are miti-
gated between 2020 and 2050 compared to the BAU and E-POL* 
scenarios. 

Technology review 

Multiple technologies and measures contribute to the energy effi-
ciency improvement until 2050 in all scenarios (Fig. 5). Optimizing heat 
streams through a pinch analysis8 is cost-optimal in all scenarios from an 
early period and could be considered in all pulp and paper mills. 
Furthermore, because of the high share of electricity consumption for 
motor driven system, improving the motor efficiency helps reducing the 
energy consumption significantly. Waste heat recovery and the shift 
from boiler technologies to high temperature heat pumps (especially in 
the E-POL* scenario) allow a further reduction in fuel demand. Never-
theless, process-related improvements in the paper machine have the 
highest impact on the energy efficiency improvement and are presented 
with more detail in Section ‘Production process improvements’. 

On the other hand, based on [40], deep eutectic solvent pulping is a 
very promising technology for pulp production. However, the absolute 
energy savings are rather small for the whole Swiss pulp and paper 
sector because of the low domestic primary pulp production. 

Production process improvements 
At the process level (see Fig. 5), the energy-intensive drying section 

has the highest potential for energy reduction. Improvements in the 
forming and pressing section lead to a lower water content of the paper 
and thereby lower the energy demand for the drying section. For 
example, dry sheet forming increases the electricity consumption in the 
forming section by 0.23 GJ/tpaper but reduces the heat consumption in 
the drying section by 0.64 GJ/tpaper, which leads to an overall reduction 
of 0.41 GJ/tpaper due to process redesign. 

Fig. 6 shows the technologies installed in 2050 in the paper and 
cardboard making process. As already observed in Fig. 5, the improve-
ments of the paper making process in the E-POL* and the CLI scenario 
are the same in 2050. In the forming section, no improvements are 
applied in the BAU scenario and the same technologies are used as in the 
base year. In the E-POL* and the CLI scenario, dry sheet forming replaces 
the conventional forming process to the maximum assumed diffusion 
(Appendix A2.1). This eliminates the pressing step in the production 
process. However, for the remaining production capacity, the shoe press 
becomes the dominant technology. Only a small share of conventional 
presses is used for tissue production. In the drying section, condebelt 
drying is applied to its maximum diffusion of 50%. The rest of the 
production capacity is equipment with infrared drying, except for the 
tissue production where the conventional yankee dryer is still used. The 
analysis of the drying section reveals that direct firing is not part of the 
cost-optimal solution in any scenario despite its high thermal energy 
efficiency. This indicates that the combination of high temperature heat 
pumps with condebelt drying or impulse drying is more energy efficient 
than direct firing. 

Process heat supply technologies 
Despite the similarity of the high share of district heat consumption, 

the biggest difference between the three scenarios can be observed in the 
process heat supply. In the BAU scenario, the existing boiler 

technologies are replaced with CHP’s fueled by biomass and waste. High 
temperature heat pumps supply the heat for pulping and bleaching, 
which require a lower temperature (100 ◦C and 150 ◦C respectively). 
Reaching the maximum energy efficiency improvement in the E-POL* 
scenario relies on high temperature heat pumps for 100◦ and 150◦ in 
2035. Ultimately, high temperature heat pumps are deployed for all 
temperature levels in 2050. It is worth pointing out that by 2050 the 
whole pulp and paper sector would be electrified, excluding the heat 
supply from district heating networks and from waste CHP’s. In the CLI 
scenario, on-site biomass CHP’s supply the heat in 2035 while high 
temperature heat pumps only play a marginal role. However, because of 
the high biomass price in 2050, biomass CHP’s are replaced by high 
temperature heat pumps and district heat network expansion. 

It should be noted that waste heat recovery refers to the direct waste 
heat recovery between process steps. If waste heat is used as a heat 
source for a high-temperature heat pump and upgraded to a higher 
temperature level, it does not appear in Fig. 7. Furthermore, waste heat 
is not only recovered for processes heat, but also for space heating and 
hot water applications. Therefore, Fig. 7 displays only a part of the 
process heat related waste heat recovery explicitly. In 2035 and 2050, 
the full waste heat recovery potential is exploited in all scenarios 
ranging from 0.37 PJ to 0.41 PJ9. Furthermore, Fig. 4 indicates an in-
crease in district heat consumption (especially in the CLI scenario) 
which is not fully reflected in Fig. 7. This is because the additional 
district heat consumption is again used for space heating and hot water. 

Solar thermal for process heat application does not play a role in any 
of the scenarios which shows that it is not economically competitive 
with high temperature heat pump and CHP’s in the pulp and paper 
industry. 

Economic analysis 

Fig. 8 presents the energy related costs of the three transformation 
scenarios. In the BAU scenario, investments in energy efficiency im-
provements help reduce the fuel costs. This results in an overall reduc-
tion of the energy related costs compared to 2020, especially in the 
period from 2025 to 2035. 

The energy efficiency goals of the E-POL* scenario require higher 
investments in energy efficiency. Since fuel prices and CO2 taxes are 
relatively high in the E-POL* scenario (see Table A6), the energy related 
costs are supposed to be higher in the E-POL*scenario. Nevertheless, 
because of the better energy efficiency, the fuel costs are almost as low as 
in the BAU scenario in 2050. Altogether, the cummulative energy 
related costs (i.e. fuel, investment and O&M costs) from 2020 to 2050 
are 10% higher in the E-POL* scenario compared to the BAU scenario. 

The high fuel costs cause the CLI scenario to be the most expensive 
transformation pathway. Especially towards the end of the time horizon, 
the energy related cost increase significantly due to the higher fuel costs 
and CO2 taxes compared to the BAU scenario in 2050. The cumulative 
energy related cost of the CLI scenario are 49% higher than the BAU 
scenario. Comparing these additional energy-related costs of the CLI 
scenario and the mitigated CO2 emissions, the average cost of mitigation 
is 3′593 EUR/tCO2. Nevertheless, it should be mentioned that the pulp and 
paper sector itself can reach net-zero CO2 emissions at much lower costs. 
These costs result from the simultaneous decarbonization of the whole 
energy system with significantly increasing prices for clean fuels and 
electricity. 

Scenario variation 

A sensitivity analysis of the three main scenarios is performed by 

8 Pinch analysis is a methodology to minimize the thermal energy con-
sumption by connecting waste heat streams, energy supply and storage tech-
nologies and optimizing operation conditions. 

9 Note that in the model, the waste heat recovery potential is defined as a 
share of the heat input and therefore depends on the efficiency of the 
technology. 
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modifying selected input parameters. This analysis accounts for the 
uncertainty of some of the assumptions made in the model and indicates 
perspectives of the technologies that are not part of the technology mix 
in any of the main scenarios. 

Cardboard production 
In the core scenarios, we assumed all production volumes to remain 

at today’s level. However, cardboard production increased by 14.4% 
between 2014 and 2019. Due to online shopping, this trend could 
continue in the near future and the cardboard production in Switzerland 
could increase by 60% by 2050 (20% per decade)10. The result of this 
sensitivity scenario is shown in Fig. 9. Because cardboard has a low 
energy-intensity compared to the other products, a further reduction of 
the average specific final energy consumption in the E-POL* scenario to 
49% is possible (from 46% in E-POL*). This new scenario is indicated as 
E-POL**. However, the absolute energy consumption in the pulp and 
paper sector increases because of the higher demand. 

In the BAU scenario, the additional energy demand in 2050 is 

covered by an increasing electricity (+0.57 PJ or + 11.1%) and biomass 
consumption (+0.53 PJ or + 29.4%). The CLI scenario shows an addi-
tional electricity (+1.02 PJ or + 16.4%) consumption in 2050 only. On 
the other hand, the additional energy demand is covered by electricity 
(+0.83 PJ or + 14.1%) and district heat (+0.19 PJ or + 7.3%) in the E- 
POL** scenario. Note that the specific energy consumption target allows 
a higher energy consumption due to the higher production volume. To 
conclude, an increasing production leads to an additional energy de-
mand. However, the technologies and fuels to supplying the additional 
energy demand depend on the scenario. Comparing the cumulative CO2 
emissions from 2050 to the baseline scenarios indicates that in the E- 
POL** and the CLI scenario the emissions remain at the same level. On 
the other hand, CO2 emissions in the BAU pathway with increased 
cardboard production would slightly increase (0.1 Mt or + 3.6%) due to 
the additional natural gas consumption. 

Biomass price in the CLI scenario 
According to the scenario assumptions and the coupling with the 

national energy system model, the biomass prices in the CLI scenario 
increase to a high value of 136.9 EUR/GJ in 2050 because of the high 
competition with other sectors and limited domestic resources. 

Fig. 5. Contribution to the final energy reduction from 2020 of the different technologies by production step in the (a) BAU, (b) E-POL* and (c) CLI scenario.  

Fig. 6. Installed technologies in the paper and cardboard machine in 2050 in (a) the forming section, (b) the press section and (c) the drying section.  

10 Own assumption based on the trend from 2014 to 2019. 
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Especially in the last decade from 2040 to 2050 the biomass price in-
creases by a factor of 5.6. Preferably, for a full representation of the 
biomass resource allocation, an integrated pulp and paper model in the 
full energy system would be required, which was not in the focus of this 
work. In order to investigate the sensitivity related to the biomass price, 
a dedicated case study has been analyzed, where the biomass price 
follows the price trajectory of the CLI scenario up to the year 2040 and 
increases from 2040 to 2050 at the same rate as other fuels (factor 1.7). 
This leads to a much lower biomass price of 41.6 EUR/GJ in 2050. 

In this scenario (CLI-LB) the consumption of biomass in 2050 is much 
higher than in the CLI scenario (Compare Fig. 4 and Fig. 10). At lower 
prices, biomass is used in CHP’s to supply process heat and electricity to 
the sector. This significantly reduces the electricity consumption in 2050 
(–32% or − 1.7 PJ compared to the CLI scenario, –23% or − 1.1 PJ 
compared to the BAU scenario) but on the other hand compromises the 
energy efficiency improvement (–23% compared to 2020). Looking at 
the CO2 emissions shows the same trajectory as in the CLI scenario and 
therefore the same cumulative emissions of 1.56 Mt from 2020 until 
2050 (compare Fig. 10 and Fig. 4). The reason for this is that instead of 
using high temperature heat pumps for the heat supply, heat from 

Fig. 7. Process heat supply technologies in (a) BAU, (b) E-POL* and (c) CLI for 2035 and 2050, hatching refers to new technology installations while solid fills 
represent the existing capacity from 2020. 

Fig. 8. (a) Specific energy related costs and (b) cumulative energy related costs from 2020 to 2050 in the pulp and paper industry for the transformation trajectories 
(All costs are undiscounted), (Note: the axis referring to costs does not start at zero). 

Fig. 9. Additional final energy consumption with increased card-
board production. 
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biomass CHP’s is used. Both technologies incorporate no direct CO2 
emissions. Furthermore, the district heat consumption decreases grad-
ually in the CLI-LB scenario due to the heat from biomass CHP’s. The use 
of biomass would in principle also enable the possibility to reach 
negative emissions through bioenergy with CO2 capture (BECCS). This 
option, however, is not included in this model because of the relatively 
small scale of pulp and paper factories while we consider CCS as an 
option connected to larger point sources. 

The analysis of the total energy related costs shows that the overall 
costs in the CLI-LB scenario remain almost unchanged (-3%) compared 
to the CLI scenario. A further sensitivity analysis has shown, that from a 
biomass price higher than 80 EUR/GJ in 2050, the heat supply in 2050 is 
electrified by high temperature heat pumps similar to the CLI scenario. 

Hydrogen and fuel cells 
In this section, the future potential of hydrogen in the pulp and paper 

sector is assessed. Hydrogen can be used as a fuel for heat generation 
only (in a boiler or for direct firing in the drying section) or for combined 
heat and power (in a gas turbine or a stationary fuel cell). Hydrogen is 

not a cost-optimal option in the core scenarios. In order to analyze the 
sensitivity related to the hydrogen price assumptions, the price for 
renewable hydrogen is reduced by 15% and 30% compared to the core 
scenarios (see Appendix A4). In addition to this, the investment costs of 
the fuel cells have been simultaneously reduced by 15% and 30% (see 
Appendix A2.2). 

In the E-POL* scenario, a price reduction of 15% and 30% enables 
the use of hydrogen for direct firing in 2040 and 2045 (Fig. 11). Because 
the hydrogen is only used for direct firing, a reduction of the fuel cell 
cost does not affect the hydrogen usage. However, direct firing is 
replaced ultimately by high temperature heat pumps in 2050 because of 
their higher energy efficiency. This means that hydrogen can only be 
used as an intermediate technology to improve the energy efficiency. 
However, only a very small amount of hydrogen is used (34 TJ) and even 
a further price reduction does not extend the hydrogen usage. Further-
more, the energy efficiency would decrease from a system perspective 
because of conversion losses to produce renewable hydrogen in an 
electrolyzer. 

A price reduction for hydrogen of 15% enables the deployment of 
stationary fuel cells in 2050 in the CLI scenario (Fig. 12). The hydrogen 
replaces electricity and district heat from the energy mix and slightly 
increases the total final energy consumption (+56 TJ). A further 
reduction of the fuel cell costs does not extend the hydrogen usage which 
is already very high without reduction (5.8 PJ). Nevertheless, a further 
reduction of the hydrogen price by 30% increases the usage to 6.4 PJ, 
but remains unaffected by the fuel cell costs. The hydrogen is particu-
larly used in stationary fuel cells because of the high electricity price. 
This means that the highest potential for hydrogen usage and fuel cells is 
in the CLI scenario where onsite electricity production can replace costly 
electricity supply from the grid if hydrogen is available at competitive 
prices. 

With our cost and efficiency assumptions (Appendix A2.2), solid 
oxide fuel cells (SOFC) are deployed as major fuel cell option. Compared 
to proton-exchange membrane fuel cells (PEMFC), SOFC’s have a higher 
efficiency but also higher investment costs. However, because fuel cells 
are deployed towards the end of the time horizon where fuel prices are 
high, the additional efficiency gain compensates for the higher invest-
ment costs. 

Discussion 

Scope of the model 

Due to the system boundaries of our model, implications on the 
overarching energy systems from the pulp and paper sector can only be 
analyzed qualitatively. For example, district heat consumption causes 
CO2 emissions related to the heat production in waste incineration 
plants or combined cycle power plants. Waste incineration plants and 
combined cycle power plants supply 38% and 26% respectively of the 

Fig. 10. Final energy consumption in the biomass price variation scenario CLI-LB.  

Fig. 11. Final energy consumption in the hydrogen price variation for the E- 
POL* scenario. 
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heat in district heating networks in Switzerland [41]. It should be 
mentioned that the model could invest in new large scale CHP’s (waste 
incineration plants, combined cycle power plants and biomass CHP’s), 
but the sector structure does not support new large scale installations. 
The heat demand of the pulp and paper sector is too small to use the 
waste heat from such a plant in one paper mill only. However, there is 
the possibility to connect to a district heating network with multiple 
heat suppliers and consumers. Such a cross-sectoral analysis exceeds the 
scope of the model that is used for this study. Nevertheless, the analysis 
in [3] shows that district heat consumption expands in industry in the 
next decades. 

Economic impacts 

Energy costs account for 16–30% of the total production costs in 
paper production [42]. Thus, 10% (E-POL*) and 49% (CLI) higher 
average energy related costs translate into a 2–3% (E-POL*) and 8–15% 
(CLI) increase in production costs. Because of the low margin for paper 

products, this would affect the profitability of paper and cardboard 
production. Especially, the international competition can become a 
challenge for the Swiss pulp and paper industry if the measures are not 
in line with the measures that the pulp and paper industry in the EU 
faces. Furthermore, the energy related costs increase up to 240% until 
2050 in the CLI scenario, which would lead to 38–72% higher produc-
tion costs. This may also cause a certain demand response and a product 
shift away from paper products. However, these market aspects need 
further analysis. 

Reaching net-zero 

Our scenario analysis has shown that reaching net-zero emissions 
within the pulp and paper sector is technically feasible, even with a 
higher cardboard production (Section ‘Cardboard production’). How-
ever, the technical solutions heavily rely on the availability of either 
biomass resources and/or the development of high temperature heat 
pumps for a temperature up to 200 ◦C. It should be noted that the pulp 
and paper sector could reach net-zero by 2050 at relatively low costs 
compared to other industry sectors but is exposed to high fuel costs in 
the CLI scenario because of the competition from the other sectors for 
biomass and electricity in a national net-zero context. Therefore, the 
main focus in a net-zero scenario should be on electricity generation and 
biomass resources outside of the pulp and paper sector and therefore 
also outside of the scope of this analysis. 

The scope of this analysis does also not include a complete analysis of 
the waste allocation in the CLI scenario. Although no waste is burned on 
site anymore, it could be a solution to import heat from a waste incin-
eration plant (possibly also equipped with CCS) because the waste still 
needs to be incinerated somewhere, also in the CLI scenario. 

Hydrogen and fuel cell analysis 

The sensitivity analysis of the hydrogen prices and fuel cell invest-
ment costs in Section ‘Hydrogen and fuel cells’ considers a price 
reduction for renewable hydrogen. However, the price of hydrogen 
produced through electrolysis depends on the electricity price. When 
there is high electricity supply but low demand, the electrolyzer can be a 
solution to balance the electricity grid and could produce cheap 
hydrogen at the same time11. Therefore, this sensitivity analysis assumes 
high price volatility in the electricity grid which is the case in the CLI 
scenario. On the other hand, fuel cells can help reducing electricity costs 
for the pulp and paper industry in periods with a high electricity price. 

Comparison to other studies 

The Confederation of European Paper Industries (CEPI) has pre-
sented their roadmap [26] to decrease the CO2 emissions in the Euro-
pean pulp and paper sector by 80%. Our analysis has shown, that this 
goal is not very ambitious for the Swiss pulp and paper industry as it 
reaches a 71% reduction even in the BAU scenario. However, it should 
be mentioned that most of the primary pulp is imported in Switzerland 
and emissions associated with the imported pulp are therefore not 
included in this analysis. Nevertheless, the main pillars for decarbon-
ization of the pulp and paper industry remain the same (energy effi-
ciency, fuel switching, emerging technologies). Furthermore, CEPI 
expects 40% higher investments in 2050 which is well in line with the 
49% higher energy related costs in this analysis. 

The results of this study are also in line with the results of [4], which 
reports a cost effective potential of 21% energy efficiency improvement 
for a period of about three decades (from 2007 until 2035), although the 
analyzed time horizon is not exactly the same. These results should be 
compared to the BAU case with no further policy targets where we found 

Fig. 12. Final energy consumption in the hydrogen price variation for the 
CLI scenario. 

11 Assuming that hydrogen storage capacities are available. 
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a reduction of the final energy consumption of 23% from 2020 until 
2050. 

Conclusion 

Based on a scenario analysis with a detailed techno-economic bot-
tom-up cost optimization model, this study explores different technol-
ogy pathways of the pulp and paper industry to reach climate and energy 
policy goals. Due to the advanced modeling methodology that includes 
material and product flows in addition to energy flows and its technol-
ogy richness, the model allows to identify technology transformation for 
the pulp and paper sector. Assuming an overall cost minimization, our 
analysis has shown that the Swiss pulp and paper industry reduces its 
energy consumption by 23% and decreases its CO2 emissions by 71% 
from 2020 until 2050 without major policy intervention. In order to 
fulfill the energy policy goals of the Swiss energy strategy 2050 (SES), a 
further reduction of the final energy consumption by 32% from 2020 
until 2050 is possible through increased electrification of the sector. Net- 
zero CO2 emissions by 2050 can be achieved with electrification of the 
heat supply with high temperature heat pumps and with biomass CHP’s. 
However, focusing merely on CO2 emission reduction, the sector can be 
decarbonized earlier through the use of biomass CHP’s. 

Energy efficient production processes (especially in the drying sec-
tion of the paper process), pinch analysis, efficient motors and high 
temperature heat pumps represent the most cost-effective technologies, 
which contribute to the reduction of the energy consumption and the 
CO2 emissions from fuel combustion simultaneously. However, for a 
rapid decline of the CO2 emissions, the sector relies on biomass used in 
CHP’s that produce on-site electricity and process heat. In case of high 
competition for biomass with other sectors, which implies high costs for 
biomass or limited availability, the pulp and paper industry could 
deploy high temperature heat pumps as an alternative option at rela-
tively low additional cost. 

Our analysis has shown a cost-efficient way to fully decarbonize the 
pulp and paper sector by 2050 and to increase its energy efficiency. 
Nevertheless, achieving a net-zero CO2 emissions target leads to higher 
energy related costs to the sector (+49% compared to the business as 
usual case) which increases the paper production costs by 8–15%. This 
might compromise the international competitiveness of the Swiss pulp 
and paper sector and has implications on labor and production volumes. 
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