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Abstract:

Global climate change requires a transition of the energy system towards renewable solutions.
The transformation in the German heat sector, responsible for over half of the final energy
consumption in Germany, is stagnating and requires various individual solutions in a
heterogeneous market. Besides varying technological requirements, various stakeholders
with different interests influence the market development. Bioenergy delivers the major
share of only 14% renewable heat today. In the future, this distribution is expected to
change and the future role of bioenergy is uncertain. Biomass is limited and in competition
between different usage options. Consequently, the sustainable utilization of the limited
biomass potential in an efficient, cost optimal way is the challenge we are facing today.

Addressing this research gap, an energy system optimization model (ESOM) was set up.
A focus is set on a detailed representation of the various technological bioenergy options
and the heterogeneous heat sector under consideration of consumer choice and future
uncertainties. Besides several scenario analysis, a comprehensive sensitivity analysis was
conducted to determine the influence of uncertainties and identify robust solutions.

Through the outlined method, it is found that solid biomass, in the form of either wood
chips, pellets, log wood or Miscanthus chips, is in all investigated cases a competitive option
to fulfill the defined climate targets. Especially, the use of wood chips from residues and
Miscanthus in high temperature industry applications is identified as the most robust option
under all investigated uncertainties from a systems perspective. In these applications,
renewable alternatives are rare and renewable power can more efficiently be used in other
heat sub-sectors.

Additionally, log wood technologies in the private household sector are found to be a
competitive option, especially when consumer behavior is considered. However, this finding
does not apply to houses with high insulation standards, in which economic factors are
found to be predominant. Furthermore, hybrid CHP pellet systems are found to be a
competitive option under the assumption of strongly increasing power prices. However,
increasing power prices a likely to decelerate the heat transition as they lead to an economic
advantage of natural gas technologies compared to power based renewable heat supply.
Besides the power price, the future gas price development and the consideration of consumer
behavior are identified as significantly influential on the future use of bioenergy.

With the outlined thesis, novel methodological approaches are introduced, contributing
to both, the uncertainty assessment in energy system analysis and the integration of
consumer choice in ESOMs. The performed analyses in this thesis investigate a wide range
of solutions and provide policy insights with a high level of confidence.
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Abstract

Global climate change requires a transition of the energy system towards renewable solutions.
The transformation in the German heat sector, responsible for over half of the final energy
consumption in Germany, is stagnating and requires various individual solutions in a
heterogeneous market. Besides varying technological requirements, various stakeholders
with different interests influence the market development. Bioenergy delivers the major
share of only 14% renewable heat today. In the future, this distribution is expected to
change and the future role of bioenergy is uncertain. Biomass is limited and in competition
between different usage options. Consequently, the sustainable utilization of the limited
biomass potential in an efficient, cost optimal way is the challenge we are facing today.

Addressing this research gap, an energy system optimization model (ESOM) was
set up. A focus is set on a detailed representation of the various technological bioenergy
options and the heterogeneous heat sector under consideration of consumer choice and
future uncertainties. Besides several scenario analysis, a comprehensive sensitivity analysis
was conducted to determine the influence of uncertainties and identify robust solutions.

Through the outlined method, it is found that solid biomass, in the form of either
wood chips, pellets, log wood or Miscanthus chips, is in all investigated cases a competitive
option to fulfill the defined climate targets. Especially, the use of wood chips from residues
and Miscanthus in high temperature industry applications is identified as the most robust
option under all investigated uncertainties from a systems perspective. In these applications,
renewable alternatives are rare and renewable power can more efficiently be used in other
heat sub-sectors.

Additionally, log wood technologies in the private household sector are found to be
a competitive option, especially when consumer behavior is considered. However, this
finding does not apply to houses with high insulation standards, in which economic factors
are found to be predominant. Furthermore, hybrid CHP pellet systems are found to be a
competitive option under the assumption of strongly increasing power prices. However,
increasing power prices a likely to decelerate the heat transition as they lead to an economic
advantage of natural gas technologies compared to power based renewable heat supply.
Besides the power price, the future gas price development and the consideration of consumer
behavior are identified as significantly influential on the future use of bioenergy.

With the outlined thesis, novel methodological approaches are introduced, contribut-
ing to both, the uncertainty assessment in energy system analysis and the integration of
consumer choice in ESOMs. The performed analyses in this thesis investigate a wide range
of solutions and provide policy insights with a high level of confidence.

Keywords: heat sector; bioenergy; optimization; uncertainty assessment;
consumer behavior.
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Part 1

Introductory chapters






Chapter 1

Background

Global climate change, caused by man-made emissions, affects all nations and requires
a transition of national energy systems away from fossil fuels to renewable solutions. In
Germany, ambitious emission reduction and efficiency improvement targets are defined by
the government [9]: by 2050, greenhouse gas (GHG) emissions in the energy sector are to
be reduced by 80-95% compared to 1990 levels. Considering the European green deal from
2020, a minimum target of 95% GHG reduction needs to be pursued. A major share of
that reduction needs to be covered by the heat sector, which accounts for ~ 35% of the
energy based emissions [51], and ~ 53% of the final end energy demand [10] in Germany
today. Meeting the defined reduction targets is only possible by switching to renewable
technologies in the heat sector and at the same time reducing demand by increasing the
refurbishment measures. The heat sector is a heterogeneous market in terms of applications,
infrastructures, demand profiles and also stakeholders. In the last ten years, the transition
towards renewable heat supply was stagnating. Today, only 14,5% of the heat supply
is renewable and a large proportion of that is provided by bioenergy (87%) [50]. This
picture needs to change in the next decades to achieve the defined climate protection
targets. Policy makers in Germany are now acting by increasing subsidies for renewable
heat investments starting in 2020 and introducing a COq price for heat from 2021. However,
the future role of bioenergy in the German heat sector is unclear, and policy makers need
clear recommendations on how to efficiently allocate the limited biomass potential between
energy, chemical, and material uses, and also within the heterogeneous heat sector.

The resource biomass is limited and a great share of the German yearly usable
potential is already exploited [7]. Today, the biomass used for heating is mostly in solid
form (77%) [50], the major share in classic small combustion plants in private households,
with potentially high particulate matter emissions [5]. The applications for solid biomass
range from wood fired stoves over pellet stoves to combined heat and power (CHP) plants
supplying district heating systems. Additionally, 22% are used from digestible biomass in
the form of biogas [50]. Only 1% is used in liquid form. The role of biomass for the future
use in renewable technologies is hotly debated today. For example, there is the food versus
fuel debate if stemming from cultivation. Land use for biomass production is in competition
between different usage options, as e.g. food, feeding, energy, material, biodiversity or
recreation space and therefore the cultivaton of biomass can lead to direct or indirect land
use change with negative effects [25]. However, bioenergy from residues even has ecologically
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beneficial side effects in some cases. For example, the fermentation of manure not only
provides energy, but also reduces GHG emissions and converts the manure into a fertilizer
that is more compatible with the soil [5]. From a systems perspective, bioenergy has some
clear advantages compared to other renewable fluctuating energy sources to supplement
the energy supply from wind and PV, such as e.g. weather independency, the possibility
of simple storage and flexible utilization [48]. These properties open up a wide field of
applications for biomass within the different sub-sectors of the heat sector. Consequently,
the sustainable utilization of the limited biomass from residues and cultivation in an
efficient, cost optimal way is the challenge we are facing today.

1.1 The complexity of the German heat sector

In Germany, heat consumption takes place in millions of residential buildings (~ 43% of the
German final heat demand of 4864 PJ), trade and commerce buildings (~ 17%), as well as
in many different fields of the industry (~ 40%), mostly the steel and chemical industries
[1]. Within these markets different demand structures occur, ranging from seasonal demand
for space heating, daily fluctuating demand for hot water to constant demand for processes
in the industry. Most of the heat is produced at the location it is required, additionally
400-450 PJ/a are distributed via district heating grids, mostly to residential buildings
(~ 38%) or the industry (~ 43%) [10]. From over 32 Mio heating systems installed [3],
~ 12 Mio are bioenergy heating systems [3, 41], supplying the major share of renewable
heating. Beside a large refurbishment potential to increase energy efficiency in buildings,
the heat transition needs several renewable technological solutions for a complex market
with diverse demand structures. For this purpose, technologies must be available in a wide
variety of system sizes for a wide range of building types and industrial applications.

Within the heat sector a broad variety of heat provision options exist, see Table
1.1. Renewable alternatives to bioenergy are e.g. heat pumps, solar thermal or the use
of geothermal energy. Heat pumps, using e.g. ambient heat, are a promising technology
having a high potential to reduce GHG emissions as long as the required input in form of
electricity is produced out of high shares of renewable technologies. Solar thermal also has a
high potential for GHG reduction. But in Germany, this technology requires an additional
heat source or adequate seasonal storage in order to be able to supply heat also in winter
[14]. Another alternative is geothermal energy. The use of this energy form is linked with
high investment costs and therefore only economically viable for plants of sizes in the MW
range. Additionally, the distribution of geothermal energy requires a district heating grid.
In 2015, 26 plants were installed in Germany and 45 plants were in the planning [14]. The
use of industrial waste heat has a high potential with approx. 813 PJ unused heat from
different industry sectors and temperature levels [14]. Barriers for exploiting this waste
heat are high investment costs required for individual solutions. Another key component
in the future heat sector could be thermal storages. They can be combined with several
technologies in a variety of sizes from daily storages to seasonal storages and therefore
contribute to the flexibility of the combined technologies. All power based technologies
are directly connected to the power sector and, if considering supply and demand as well,
indirectly connected to the development of the transport sector (electric mobility).

The heat transition is not only from a technical view characterized by its hetero-
geneity. The heat transition is influenced by a variety of economic, ecological, social and
organisational drivers and barriers. Various stakeholders as owners and operators with
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'[l’able] 1.1: Share of different heat provision types in the German heat sector in 2019
1, 50].

Absolut in PJ Share in %

Biogenic solid fuels (households) 247,7 5,1%
Biogenic solid fuels (trade and commerce) 63,5 1,3%
Biogenic solid fuels (industries) 85,7 1,8%
Biogenic solid fuels (district heating) 20,3 0,4%
Biogenic liquid fuels 8,3 0,2%
Biogenic gaseous fuels 69,2 1,4%
Biogenic content of the waste 52,1 1,1%
Solar thermal 30,5 0,6%
Deep geothermal energy 4.4 0,1%
Near-surface geothermal energy, ambient heat 52,7 1,1%
Coal 418,1 8,6%
Mineral oils 765,6 15,7%
Natural gas 2149,6 44,2%
Electricity 434,3 8,9%
District heating 388,3 8,0%
Others 73,5 1,5%
Sum: 4863,8 100,0%

different interests, preferences and behavioral characteristics are in place. For instance,
millions of homeowners in the private household sector make their own heating system in-
vestment decision. They have only limited information and are not able to fully understand
the whole complex system. Hence, investment decisions can be influenced by many factors
that deviate from the assumption of economic rationality [24, 13]. Renewable heat supply
concepts have generally a local character and need to cover heterogenous requirement
profiles. Systemic, trans-sectoral and participatory approaches are therefore needed to
transfer the national energy transition goals to the local planning and implementation
level. Ideally, planning should take place at the district level and the process organization
is elemental to success. [14].

According to national energy scenarios in Germany, it is expected that in the
transformation of the heat sector, major shares of renewable heat will be provided by heat
pumps and solar thermal [40]. Additionally, a variety of individual, hybrid solutions will be
required, depending on the regional conditions (e.g. geothermal potential, availability and
economic feasibility of district heating) [14]. Bioenergy is expected to contribute to a cost
effective, secure energy supply, be ecologically friendly and contribute to regional value
creation [25]. Bioenergy should primarily take over those functions in the energy system
that other renewable energy sources cannot fulfill or can only fulfill at very high costs [25].
An analysis of the major energy scenarios in Germany shows high shares of the limited
biomass to be used in the heat sector [45]. The most important future areas of application
in the heat sector are currently considered to be the provision of industrial heat, the
flexible CHP generation and the combination of those applications with bioenergy carbon
capture and storage (BECCS) [25]. However, major uncertainties exist in the current
developed transformation pathways. Therefore regular and transparent reevaluations are
recommended [25].
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Due to the complexity of the demand structure in the heat sector, the manifold
possibilities of technological concepts and the given limitations, uncertainties and other
factors influencing future market development, the determination of the cost-optimal
technology mix for the German heat transition is a complex issue. Especially the future
role of bioenergy within this transition is attached with uncertainties. Energy system
analysis using model based approaches are a common approach to tackle such issue.

1.2 Energy system analysis

For energy system analysis different approaches and model types are being used to inform
climate policy. A common approach to model the competition of energy technologies in
detail is to use bottom-up energy system optimization models (ESOM) [16, 21]. It is a
classic approach widely used to model the system-wide impacts of energy development and
suites the aims and objectives of this work [12].

On the German heat sector a variety of models were applied dealing with technological
competition focusing on current prices and national regulations or specialized on particular
technologies. Merkel et al. [34] focused on a decentralized heating model combined with a
residential building stock simulation concentrating on fulfilling the policy targets under
different scenarios. The study is exclusively considering the residential market and not the
complete heat sector. The outcome of the optimization shows, that the future residential
heat sector is dominated by heat pumps and solar irradiation. Biomass is only playing a
minor role in the long term scenario. Merkel et al. [34] also did a comparison of in total 22
studies modeling the heat sector. Only three of those consider the complete heat sector
in Germany, a time horizon until 2050 and an optimization approach. However, none of
the mentioned studies is considering the wide range of bioenergy technologies available
and the preliminary biomass conversion pathways. Especially technologies using biomass
completely or partially as an energy source are not considered in detail.

Other models have a focus on the optimal distribution of biomass within the energy
system. The future role of biomass in the power sector is investigated in various models,
for example in combination with the district heating market of the heat sector [38] or to
investigate the flexibility contribution of bioenergy [28]. Millinger et al. [36] model the
competition in the transport sector with a focus on bioenergy technologies. With the same
model the allocation of biomass over all German energy sectors was investigated [49]. The
results show a robust demand for bioenergy in the heat sector, which was modeled only
roughly in this study.

A major criticism of ESOMs is that the models are shaped by factors which are
deeply uncertain [12], including e.g. technology innovation, resource availability, future
feedstock price developments and socioeconomic dynamics. Yue et al. [52] reviewed
over 2000 studies associated with ESOMs. The majority of them have been used in a
deterministic fashion with limited attention paid to uncertainty. Only 34 studies performed
a systematic uncertainty assessment. Moreover, behavioral aspects are identified to be
the least understood dimension in optimization models and further methods to integrate
scientific behavioral analysis are strived for [16]. Today, consumer choice is rarely integrated
in ESOMs, especially for the heat sector.

In conclusion, a detailed study of the future use of bioenergy in the German heat
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sector has not yet been carried out. In particular, relevant aspects such as a detailed
representation of the heterogeneous heat sector, the various biomass conversion options,
social components and the consideration of uncertainties have not been taken into account
in this context.

1.3 Aim and objectives

The aim of this work is to address the above identified research gap by assessing the future
techno-economic potential of bioenergy within the German heat transition and to determine
its cost optimal use under consideration of future uncertainties and the heterogeneity in
technological structure and consumers.

For this purpose, an ESOM, based on an existing approach [37], is set up representing
the heterogeneous heat sector with a variety of technological concepts, based on a detailed
data basis. A special focus is on bioenergy technology concepts, to determine an efficient,
cost optimal use of the limited biomass available. A comprehensive sensitivity assessment
determines the influence of uncertainties and identifies robust solutions.

The objective of this thesis is to provide a wider basis for the design of an economically
and environmentally friendly heat sector (bioenergy and other renewables) in Germany
within the framework of the climate protection plan [9].

The following research questions are assessed within this thesis:

e Which bioenergy technology concepts are competitive options in a future, climate
target fulfilling heat sector and how do their potential roles differ in different heat
sub-sectors?

e Which uncertain factors have a significant influence on the future role of heat from
biomass and which technology concepts are robust solutions based on these factors?

e Which model projections arise in the German heat sector under consideration of
consumer choice in different scenarios?

The thesis consists of two parts. Part I is a general introduction to the field and
puts the appended papers into context. Part II contains the appended papers. Some text
fragments of the appended papers are quoted in the method chapters of part I.






Chapter 2

Methodology

2.1 Energy system optimization modeling

A best practice for energy system optimization modeling has been formalized by DeCarolis
et al. [12], including a description of guiding principles for ESOM based analysis. Key steps
associated with the application of ESOMs include: (1) Formulate research questions, (2)
Set spatiotemporal boundaries (3), Consider model features (endogenous technical learning,
lumpy investment, hurdle rates, consumer choice, price elastic demands, macroeconomic
feedbacks), (4) Conduct and refine analysis, (5) Quantify uncertainty (scenario analysis,
sensitivity analysis, stochastic optimization, near-optimal solutions), (6) Communicate
insights.

The development of the ESOM in this thesis followed these guiding principles and the
relevant key steps were conducted and are described in the following. First, the research
questions were formulated, described in section 1.3. The spatial boundary was set to
Germany as a whole, imports and exports are not considered, as a national solution for the
limited biomass potential is searched for. The model time horizon was set to 2015-2050,
according to the time frame of the national climate target. The temporal resolution is
set to a yearly one. From the potential model features lumpy investment and consumer
choice are considered and integrated into the model. Lumpy investment constrains the
model to build discrete sizes of particular technologies, in this case representing a concrete
heating system in a house or industry plant. Consumer choice is considered particularly
important in this context, as millions of stakeholders in the heat sector make their own
investment decisions, influenced by a variety of factors. The other potential model features
were identified to be not purposeful for this investigation.

DeCarolis et al. [12] states the importance of uncertainty analysis, as the long-term
future modeling of an energy system is shaped by a combination of factors that are deeply
uncertain. In this thesis a strong focus is set on uncertainty assessments. Beside various
scenario analyses, a comprehensive sensitivity analysis was conducted investigating a
wide range of uncertainty. A systematic assessment can test the robustness of the model
results by identifying which parameters drive the model outputs and help focus scenario
analyses [12]. Based on these findings policy insights are communicated with a high level
of confidence.
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2.2 Model description

In order to model the competition between the technological options within the heat sector,
an ESOM was developed. The model is fully deterministic and uses perfect foresight. It is
a linear model, using the Cplex solver. As a programming environment GAMS [15] is used
in combination with MATLAB [47]. The model structure is as follows, also described in
Jordan et al. [22]: the three main sectors of the German heat sector, private household,
industry and trade/ commerce are further divided into several sub-sectors, with different
properties in terms of demand profiles and infrastructures. In total, 19 sub-sectors were
defined and described: five sub-sectors for single-family houses (SFH), four for multi-family
houses, five for the trade and commerce sector and five for the industry and district heating.
The future development of the heat demand in buildings is based on the external results
of the building stock model 'B-STar’ [26], which models the future refurbishment of the
German building stock in a yearly resolution using an agent based approach. Within
the optimization model, for each sub-sector, representative bioenergy-, fossil- and other
renewable (hybrid-) heat technology concepts are described and published in Lenz and
Jordan [29], incl. e.g. gas boiler, heat pumps, direct electric heating, solar thermal, log
wood, wood pellet and wood chip technologies. In total 23 biomass products (incl. wood
based residues, log wood, straw, manure, two perennial crops and seven types of energy
crops) and 3 fossil feedstocks are possible inputs [29]. For the single technology components,
infrastructure emissions as well as the feedstock specific emissions are considered within
the model. Fig. 2.1 shows the model architecture, also including the integration of the
sensitivity analysis. The model consists of a user interface and six main modules. The
six functions can be called from different applications such as the user interface, where
scenario analysis can be customized. For a detailed description of the architecture and the
functionalities, the user is refered to paper 4.

Set Parameter Data Import (x/sx2mat)
User Interface y |from EXCEL files

Design scenarios ”|from sQL database (in

Uncertainty assessment

Technology module
47 technolgy concepts

Capacity and efficiency
Component lifetime
Component invest (annutized)
Fixed and variable costs
Technology emissions

Initial technology stock

Biomass and bioenergy
23 biomass products
Residues potentials
Land use for energy crops
Biomass pre-allocation for heating
Biomass related emissions
Future price development

Y

|Policy instruments |

|Consumer choice |

A

Y

Main
Define sets
Call functions
Save results

progress)

Define uncertainty
range of k parameter

!

Optimization module

A

(cost optimized 2015-2050)

1 Y

Sensitivity module

Set parameter for parallel
computing
Save optimization output
until N(k+2) model runs

(BioFeedCost) are completed
Scenario settings | T
4
|Sub-sector heat demand | A\ 4
. N Analyze
|Em|ssuon reduction target | \ 2 Sobol' Index
Plotti Scatter plots
|Future energy prices | scenall',io’r';gults Min/Max plots

Figure 2.1: Model architecture schematic, see paper 4. Boxes represent modules and
arrows represent data flow. The function names are written in italics. The numbers on
the arrow show the order in which the functions are executed.

The objective function is minimizing the total system costs over all technologies i, all
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sub-sectors s and the complete timespan ¢t=2015...2050 (2.1). The total system costs are
the sum of the technology specific marginal costs mc, multiplied with the amount of heat
produced 7, and the investment costs ic, discounted with the annuity method (discount
rate ¢) [20], multiplied with the number of heating systems installed n°?. In the model
each (hybrid-)heat-technology concept is separated into different modules j, assigned with
different lifetimes ¢ and individual investment costs.

Objective function

f.
. . cap Q(l + Q) ’
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Marginal costs include feedstock costs (fossil or biomass), costs for power demand,
maintenance and a COs-certificate price. The sum of these costs has a dynamic development,
which depends on the time point, used technology, sub-sector and if applicable the consumed
feedstock product b. Generated power in a CHP system is included as a credit within the
variable costs.

The main model restrictions are as follows:

e The heat demand J in each sub-sector needs to be fulfilled. Therefore the sum of the
produced heat within one sub-sector equals the heat demand within a sub-sector in
each year (2.2).

e The yearly consumed biomass  within the system must not be higher as the sum of
the limited biomass potential from residues ¢"** and the limited land use potential
ALend multiplied with the corresponding yield Y of the energy crop (2.3).
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e The yearly maximal allowed amount of GHG emissions €™%*, representing the federal
climate targets in Germany, must be greater or equal to the sum of the technology-
based €™ and feedstock-based £/¢°? emissions (2.4).

e The relationship between the produced heat and the utilised feedstock product is given
in equation (2.5) and determined by the conversion efficiency 7 of each technology.

o Equation (2.6) to (2.9) explain the relationship between the number of heating systems
installed (nP) at time point ¢, the number of heating systems newly invested in
(n®!) and the number of heating systems decommissioned (n%c).

e The status quo of all installed heating systems in 2015 serves as a starting point
(nimitial) " This portfolio is linearly decommissioned over the corresponding lifetime of
each technology (ninitialdecy

) are decommissioned after they

extdec

o Heating systems newly installed in the model (n
have reached their lifetime, defined by the variable n

e Premature decommissioning of heating systems is only allowed for fossil technologies
and limited to 1%/a.

o As a restriction for energy crops, every crop type may maximally double its land use
per year.

Linkage to the power sector The heat sector will most likely be strongly linked to
the power sector, especially when CHP and power to heat options will be used to a larger
extent. To generate conclusive results for the heat sector in the modeling, a linkage to the
power sector is inevitable. In order to achieve this linkage, a structural framework is set
up. Tab. 2.1 shows how power demand and production is priced and how emissions are
allocated in the model. This framework applies specifically in terms of power consumed for
heating and power use of CHP / PV technologies.

Table 2.1: Model linkage of the heat sector to the power sector in terms of power consumed
for heating and power use of CHP / PV technologies. The emissions from grid-based
electricity are allocated to the heat sector in accordance to a scenario defined power mix
specific emission factor.

Power Price Credit Heat sector emissions
external demand Final consumer price 0 Emissions from grid power mix
internally used for heating 0 0 Emissions from techn. system
internally used for non heating 0 Final consumer price 0
fed into the grid 0 Stock market price 0

Additionally, certain input parameters, such as the electricity price, the electricity-
mix specific emission factor and the COs certificate price, which are highly influential for
the market development of the heat sector, do also rely strongly on the development of the
power sector. These parameters are defined in a consistent scenario.

The several components of the power price (e.g. stock market price, taxes and levies)
are treated separately in the model. The future stock market power price development
is set according to national energy scenario results. In paper 1 and 2 the future price
development of taxes and levies is directly derived from this development by calculating
a proportional increase or decrease using a factor. In paper 3 this method is improved
by setting the future development of the taxes and levies according to projected trends



Chapter 2. Methodology 13

for each component [19, 18, 4]. However, treating the components separately leads to
different power prices in the heat sub-sectors (private household, trade/ commerce and
the industry), despite applying the same projection for the stock market power price. The
different price categories are calculated consumption-based according to the monitoring
report of the federal network agency of the year 2015 [2].

Consumer choice The integration of consumer choice requires empirical data on con-
sumer behavior for adopting heating systems and a method to integrate this data into the
model. A literature review identified empirical data on consumer preferences for adopting
residential heating systems based on surveys. Additionally, methodological approaches
were identified applying consumer segmentation and indirect costs into ESOMs to represent
consumer heterogeneity. In this thesis, the integration of consumer choice is based on
the study of Michelsen and Madlener [35], performing a cluster analysis and an analysis
predicting cluster membership (cluster segmentation) on their collected survey data. This
cluster segmentation is the basis for splitting the relevant heat sub-sectors into consumer
segments. The heat demand of all five single-family sub-sectors, responsible for ~ 23% of
the German heat demand, were further segmented into three consumer segments (C1..C3)
each, representing the identified clusters from Michelsen and Madlener [35]. A schematic
of how the consumer segmentation and the application of indirect costs is realized in the
model is shown in Fig. 2.2. This figure and the following detailed description of the method
is quoted from paper 3.

Heat Demands
Investment Operating ci c2 C3

costs costs
Indirect cost C1
LN >(|ndirect cost C2
Private Indirect cost C3 ———1—>
households - \
Single family H
Indirect cost C1
L s >(|ndirect cost C2
Indirect cost C3
+
Private 20 II(W
households - [— :
Multi family +
80 kW
+
27 kW
Trade & | | .
commerce ' +
60 kW
200°C
Industry [—
1500°C +

Figure 2.2: Schematic of applying indirect costs in the different consumer segments C1..C3
within the optimization model [23]. The sub-sectors are defined by the size of the heating
system, e.g. 2.5 kW.

The adoption of a heating system is mostly driven by financial motives, but also by
non-financial motives (mainly comfort and environmental reasons). The financial aspects
are comprehensively represented in the optimization model (investment, fixed and variable
costs). The non-financial motives are represented via indirect technology costs. In each
consumer segment, different indirect costs are applied, following established approaches
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in literature [31, 32, 46, 8, 39]. In this case, the indirect costs are derived from the
membership prediction of different heating systems to one of the three clusters, presented
as average marginal effect (M.E.). This marginal effect is translated into indirect costs
derived from an economic textbook approach: according to economic theory, market shares
of two technologies sh; and shg should be inversely related to their relative cost ¢1/ca [53],
with the parameter g indicating the extent to which cost differentials between competing
technologies affect their market shares.

(e
Shg N

9
> with g >0 (2.10)
C1

As a conclusion derived from this causality, an increased probability of technology
market shares (probability of cluster membership, see Michelsen and Madlener [35]) is
translated into a decrease in costs and vice-versa. Since market shares in the optimization
model are purely based on costs, represented in the objective function, we here translate the
probability of cluster membership directly into an indirect cost factor icf for each applicable
technology system within the consumer segments. In an ideal case, the indirect costs factor
would be calibrated with the parameter g, which was not possible here. The indirect cost
factor is implemented into the objective function by adding the inverted indirect technology
costs proportional to the investment and variable costs of each technology, see the bold part
of equation (2.11). With this method, also negative indirect costs can apply, representing
a willingness to pay.

Objective function
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For the incorporation of consumer choice, four additional restrictions were added to
the original model formulation:
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e The heat demand § in each cluster ¢ of the five sub-sectors s needs to be fulfilled by
the sum of the produced heat 7 of all technologies ¢ within one cluster (2.12).

e The sum of heat produced over all clusters needs to equal the heat production within
its sub-sector (2.13).

e The sum of heating systems installed n“*? multiplied with their individual capacity
k equals the yearly heat production of each technology within its cluster (2.14).

o Equation (2.15) is equivalent to equation (2.13) in relation to n?.

2.3 Uncertainty assessment

Beside various scenario analysis, the variance-based sensitivity analysis of Sobol’ was
applied to systematically assess which uncertain input factors are responsible for the
uncertainty in the model output. Model parameters with a possible uncertainty in their
future development were selected to be varied in the sensitivity analysis. The choice and
the uncertainty range of the parameters were obtained through existing studies or expert
elicitation. A schematic of how the Sobol’ method is applied to the model can be found in
Fig. 2.1 and the associated following description is quoted from Paper 2.

Sobol’ sensitivity analysis studies the scalar model output f(p) if the model parameters
are varied within their uncertainty range. After N model runs with different parameter
sets, the variance V- =V (f(p)) of the scalar output f(p) is split into component variances
V; from individual parameters or parameter interactions. The first order model sensitivity
to each parameter p; is quantified with the first-order Sobol’ index 5;, also known as the
main effect. The total-order Sobol’ index Sp; represents the total effect of parameter p;
and its interaction with all other parameters. A more detailed description of the Sobol’
method and how to apply it on models can be found in Saltelli [42], Saltelli et al. [43].

In this thesis, an algorithm was chosen to calculate the Sobol” main effect and total
effect with N (k+2) model evaluations [42]. The method used to calculate the Sobol indices
requires two independent matrices A and B both containing N sets of k parameters. In
this case, k is the number of parameters and N is the sample size used for the random value
estimate for parameters being varied. For the random value estimate, Cuntz et al. [11]
recommends the use of e.g. stratified sampling such as latin hypercube sampling, which
was applied in this study with a sample size of N = 1000. The latin hypercube sampling
technique evenly samples from the probability distributions [33]. The additionally required
matrix A(é) has all columns of A(B) except the i*" column, which comes from B(A). The
exact formulation of the indices S; and St; are chosen from Table 2 (b), (f) of Saltelli et al.
[43], which are described as being best practice.

L Ay — F(A); 2.16
N;f 5 (FAR); = F(A);) (2.16)
1|1 ¢ 2]

Sri =57 | g 2 (f(45); — 1(4)) (2.17)
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Both Sobol’ indices range from 0 to 1. Sp; > S; > 0. If Sp; = S; = 0 the parameter
is non-influential. If Sp; = S; there is no interaction of the it" parameter with other
parameters.

The scalar model output f(p), on which the Sobol’ indices are applied to in this
study, is defined by calculating the share of the consumed biomass 7 of each biomass
product b in relation to the sum of all biomass products used for heating. In each case,
the biomass was summed over the complete time span t=2015-2050.

2050 -
f(p —1 k:) _ > t=2015 mep
— 4N = 2050 20 -
2122015 2_b=1"t,b

The optimization model is evaluated N(k + 2) = 34000 times. To overcome the
computational burden, the calculations were executed on a model server grid.

A visual depiction of how the Sobol’ method is applied to the ESOM can be found
in Fig. 2.1. Based on the significance of the calculated Sobol’ indices, scatter plots and
min/ max plots are generated to further analyze how the significantly influencing input
parameters impact the model outcome f(p). Based on this analysis, a solution space is
quantified for the future cost-optimal use of biomass in the German heat sector under
uncertain developments.
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Results and discussion

The future role of biomass within the German heat transition is investigated in this thesis
using an ESOM to determine an efficient, cost-optimal use of biomass in different heat sub-
sectors from a systems perspective. A focus is set on a detailed representation of the various
technological bioenergy options and possible renewable hybrid heat provision solutions.
The heterogeneity of the heat sector is especially considered in terms of the complexity
of the demand structure and behavioral characteristics of the manifold consumers. A
further focus is set on the investigation of future uncertainties of e.g. technology innovation,
resource availability, future feedstock price developments and socioeconomic dynamics. For
this purpose, different methodological approaches were combined to integrate consumer
choice in the model and to conduct a comprehensive uncertainty assessment.

The results of the modeling are in line with the expectation that major heat supply
shares within the heat transition will be provided by heat pumps. The future role of
bioenergy in the heat sector has been reevaluated with a high level of detail. Besides the
expected use of biomass in the provision of industrial heat, further robust applications
and insights for bioenergy in the German heat sector have been identified under the
consideration of a variety of uncertainties. With the outlined results a wider basis for the
design of an economically and environmentally friendly heat sector in Germany is provided.

The results, discussion and conlusions of the preformed investigations are described
in detail in the attached papers. In this section, the main findings from the papers are
related to each other and the research questions. A discussion on policy implications is
carried out.

3.1 Scenario results

In paper 1, a 95% GHG reduction scenario is investigated with two cases of available
biomass potential. The results show that the defined climate target can be achieved until
2050 and that solid biomass has in both cases a competitive role. As expected, the major
market shares shift from fossil based technologies to power based heat pumps until 2050.
The available biomass potential is found to be most cost efficiently used, until 2040, in
the private household sector in decentralized hybrid CHP combustion applications using
residual wood as feedstock. The use of biomass in the private household sector in the near
future is in line with other studies [40, 27], in which also a high increase in future power

17
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prices are assumed. The use of this biomass in hybrid CHP technologies is on the other
hand a unique finding. With increasing power prices, the internal power generation in these
hybrid systems leads to a competitive advantage. The most cost efficient hybrid system is
found in a CHP (torrefied-) pellet combustion plant in combination with a heat pump and
a PV-system. Hybrid systems using log wood are less competitive as their market shares
decrease with decreasing available biomass potential.

From 2040 onwards, with an increasing GHG reduction target, the use of wood chips
from residues and energy crops in high temperature industry applications is found to be the
most cost efficient way to reduce the heat based emissions by 95% in the defined scenarios.
The use of biomass in high temperature industry applications in ambitious GHG reduction
scenarios is in line with several long term energy scenarios [40, 45, 17]. The reason for the
competitiveness of biomass in this sector is the lack of competitive, renewable alternatives.
Beside bioenergy the electric arc furnace is a renewable option or the use of green hydrogen,
which was not modeled in this thesis. Within the scenarios, prime costs of the electric arc
are increasing strongly in 2050 compared to biomass heating or heat pumps in the private
household sector. The heat pump is more efficient and more cost effective than the electric
arcs. Additionally, the use of electric arcs requires significantly more renewable electricity
capacity than the use of heat pumps, which also make use of ambient heat. Consequently,
in this case, biomass is most efficiently used in high temperature industry applications,
avoiding the use of electric arcs from a systems perspective.

Available arable land in the model is cultivated endogenously with the type of energy
crops best suited to the optimal resource usage with regard to the objective function. In
both cases, energy crops for biogas production, representing the status quo in the starting
year, are replaced by Miscanthus, which is almost completely used in the form of wood
chips in high temperature industry applications. High yields and low production costs of
Miscanthus lead to a monopoly position among energy crops in the modeling. However, in
reality, several major barriers, arising to a large extent from the long term commitment,
lead to the situation that Miscanthus plays only a minor role in agriculture today.

In the trade and commerce sector, as well as in district heating, biomass is not found
to be a future, competitive option in the scenarios. For district heating, biogas plants exist
today as a result of federal subsidies in the last decades. Without this support, biogas
shares are dropping rapidly, which is also found in other studies [27, 40, 44, 49].

3.2 Uncertainty assessment

Scenario analysis, as performed in paper 1, are one of the simplest ways to address uncer-
tainty [12] and can only assess a limited range of outcomes. To address this shortcoming,
a comprehensive uncertainty assessment is performed in paper 2. The optimization model
is combined with the global sensitivity analysis of Sobol’ to investigate the influence of
the future uncertainty in 32 input parameters (incl. e.g. technology innovation, resource
availability, future feedstock price developments) on the future bioenergy market shares.

Based on the results of the sensitivity analysis, it is found that in 99,6% of all 34000
model evaluations the climate targets could be fulfilled and therefore we conclude that
the heat transition in Germany is possible from a techno-economic view, despite all the
future uncertainties. Second, in all cases, almost the complete available biomass potential,
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pre-allocated for heating, is used in the model, resulting in total bioenergy net market
shares of 10 - 25%. Furthermore, 16 out of 20 biomass products are found to have unrelevant
market shares. Therefore the following discussion of the results is concentrated on the
remaining four: Wood chips and wood pellets from residues, log wood and Miscanthus
chips.

Based on the calculated Sobol” index and the resulting scatter and min/max plots,
three parameters could be identified, which are significantly influential on the future market
shares of bioenergy. Moreover, two parameters have amplifying effects, but do not influence
the technology choice significantly.

e Power and gas price: major impact on the bioenergy technology competitiveness

e Climate target: changes the technological competitiveness from 2040 onwards; with
higher climate targets the share of wood chips is increased

» Biomass potential/ biomass pre-allocation: amplifies/ weakens the technology market
shares, but does not influence the choice of the technology

e High discount rate: amplifies the market share in favor of wood chip technologies
and against log wood gasification systems, but does not change the technology choice

Based on these findings the most robust technology concepts are identified and a
solution space shaped by the significant influential parameters is quantified. The most
robust use of biomass is found to be in the form of wood chips from residues and Miscanthus
in (high temperature) industry applications. A combined minimum biomass use of 25%
over the entire modeling period over all calculated sensitivities is a strong indication of
robustness. Additionally, the solution space shows major market shares for wood chips,
especially towards 2050, see Fig. 3.1.

In the scenario analysis in paper 1, hybrid CHP systems are found to be a competitive
option until 2040. The uncertainty assessment in paper 2 reveals that these technological
concepts are only a competitive option, if power prices increase strongly. Additionally,
in paper 1 and 2 the calculation of the future power price supplements are based on a
factorial projection and not on literature projections as applied in paper 3, see Sec. 2.2.
Consequently, a wider range of possible future power end consumer price developments,
in regards to the upper limit, is investigated in this study. This indicates that a strong
increase in power prices is necessary for a competitive business case of hybrid CHP pellet
systems. However, increasing power prices are likely to lead to an competitive advantage
of natural gas technologies compared to heat pumps, which are power based renewable
technologies. According to the findings in this thesis and national energy scenarios, as e.g.
[40, 44], heat pumps have to be the major renewable substitute for fossil heat technologies
to fulfill the GHG reduction targets in the heat sector. Consequently, even with increasing
COg prices, a high level of power prices might slow down or even prevent a successful heat
transition. In this case, competitive hybrid CHP pellet systems can only contribute to a
minor share of the German heat transition as the biomass potential is limited.

This example shows the importance of a comprehensive sensitivity assessment,
investigating a wide range of solutions, as the importance of hybrid CHP pellet systems
would have been overrated if only a scenario analysis would have been performed. Another
example is the finding of a competitive log wood concept through the outlined uncertainty
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assessment, which was not identified to be competitive in the scenario analysis. If gas
prices increase and power prices remain on the current level, a log wood gasification boiler
combined with a solar thermal system gains major market shares in the medium term.
However, in the long term, market shares decrease and the use of the available biomass
shifts to high temperature industry applications, see Fig. 3.1.
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Figure 3.1: Calculated solution space for the choice of bioenergy technologies, considering
the defined uncertainties in paper 2. Displayed are the net energy market shares of the
relevant bioenergy technologies in PJ. Within the figure only the relevant bioenergy tech-
nology concepts are shown, leaving out fossil references, alternative renewable technologies
and unrelevant bioenergy concepts. For hybrid systems, only the solid biomass net energy
shares of the concepts are displayed in order to have a depiction of the biomass utilization.
Ind = Industry; DH = District Heating; PH = Private Households; CHP = Combined
Heat and Power; HP = Heat Pump; PV = Photovoltaic; ST = Solar Thermal

Several finding from the scenario analysis are confirmed with the sensitivity assess-
ment: From the available energy crops in the model, Miscanthus remains in all cases the
most competitive option, despite the large variation in which the expected yield was varied
(£33%). Additionally, in district heating and the trade and commerce sector no competi-
tive applications for bioenergy could be identified under consideration of the investigated
uncertainties.

The novel approach of combining an ESOM with the global sensitivity analysis
of Sobol’ investigates a wide range of uncertainty and possible outcomes and therefore
improves the robustness of model results. However, not all possible future uncertainties
related to the future development of the heat sector were considered in paper 2, as e.g. the
influence of consumer behavior.
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3.3 Consumer choice

In paper 3 of this thesis, consumer choice was integrated into the model to determine its
impact on the future use of bioenergy in two scenarios and in a sensitivity analysis analog
to paper 2. In this investigation, a GHG reduction target is not applied. The model is used
to project the future market development under the assumption of economically rational
behavior of all actors, except for the behavioral aspects integrated into the model. This
includes that all actors have perfect foresight, and future price and demand developments
are known by the consumers. A business as usual (BAU) and an ambitious measures
scenario (AMS) are analyzed, both calculated with and without the implementation of
consumer choice. In the BAU scenario energy prices are kept at a constant level and no
COg pricing is in place. The AMS scenario is characterized by an ambitious COs pricing,
constantly increasing up to 200 €/tCOqeq in 2050.

The results show that if consumer choice is not applied, a typical picture for opti-
mization results develops: only a few technologies gain the major market shares compared
to the wider portfolio of the starting year. The use of biomass shifts almost completely
to high temperature industry applications, confirming the findings of paper 1 and 2. The
integration of consumer choice leads to a higher diversity in technology market shares in
both scenarios. In the BAU scenario, the market shares of the starting portfolio remain
more or less constant over time and the model delivers more plausible results. Especially
in the private household sector, log wood and pellet technologies remain competitive, in
addition to the use of biomass in industry applications.

For the ambitious measures scenario a similar picture for bioenergy develops. Without
applying consumer choice, the available biomass is exclusively distributed into industry
applications. On the other hand, when consumer choice is activated in the model, log wood
technologies remain competitive. The future competitiveness of log wood technologies
under consideration of consumer choice is one of the main findings in this study, which is
also confirmed by the sensitivity analysis applied in paper 3. This finding complements
the findings in paper 1 and 2, in which consumer choice was not considered. In paper 1
and 2 log wood technologies were identified not to be robust competitive future options
and are only competitive under certain conditions.

A detailed look into the consumer segments of both scenarios reveals that the
technology types with the largest market shares are those which, according to the findings
of Michelsen and Madlener [35], are preferred by the consumers of the different segments
C1..C3. The only exception is found in sub-sectors representing high insulation standards.
In these sub-sectors the economic advantages of heat pumps or gas technologies exceed the
non-economic factors.

3.4 Limitations

The analyses in this thesis are designed as simple as possible and as complex and detailed as
necessary to address the defined research questions and therefore high quality results could
be generated. However, every analysis has its limits. For instance, the heat sector does not
need to be modeled in a high temporal resolution as heat prices do not vary on a hourly
basis as in the power sector. This opens up the opportunity to apply a comprehensive
uncertainty assessment, due to the short model run time. However, increasing the annual
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resolution to an at least monthly one seems worthwhile to investigate, since the heat
demand, PV yield, etc. varies seasonally. Additionally, the effect of a cross-sectoral analysis
on the optimal biomass allocation within the heat sector can be discussed and would
require a higher temporal resolution. However, it was intended to cover this effect of
a cross-sectoral analysis with the uncertainty analysis by varying the available biomass
potential and the relevant power sector parameters.

The complexity and heterogeneity of the heat sector is represented in a high level of
detail, especially for the private household sector. For the industry and district heating
sector a similar detailed approach was not possible, due to the limited available data
basis. On the other hand, it was possible to analyse the private houshold sector not only
from a technical view, but also consider consumer behavior. However, limitations exist
with regard to the data basis and the methodological basis when implementing consumer
choice in the analysis. Especially, more recent and detailed empirical data on homeowners’
investment decisions are desirable. Additionally, and perhaps most challenging, is that
behavior changes over the course of time and is difficult to project [12, 6]. However, the
results show how important it is to extend the analysis beyond techno-economics. Besides
consumer behavior, e.g. the consideration of particulate matter emissions seems worthwhile
to investigate.

Further limitations are identified in the projection of future biomass feedstock prices.
Today, dependencies exist e.g. between the pellet and natural gas prices. The development
of these dependencies towards a climate neutral energy system in 2050 is difficult to project.

3.5 Summary

A summary of the overarching paper findings on the cost-optimal use of biomass within
the German heat transition is presented in Tab. 3.1.

Table 3.1: A sketch of the prioritization of biomass allocation for heating in competitive
bioenergy concepts.

Prioritization of biomass allocation

Wood chips (residues or Miscanthus) Most robust option in high temperature industry appli-
cations under all investigated uncertainties.

Log wood Additional future demand may persist in one and two
family houses under consideration of consumer prefer-
ences (low to medium insulation standard).

Hybrid CHP pellet concepts Competitive option in buildings given strongly increas-
ing power prices, which are counterproductive for the
heat transition.

The findings are based on the results of a detailed modeling of the German heat sector
using a linear optimization approach. The model was applied in several scenario analysis.
Additionally, a comprehensive sensitivity assessment was conducted under consideration of
consumer behavior.
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Conclusions

The objective of this thesis is to provide a wider basis for the transition process in the
diverse heat sector in Germany towards an economically and environmentally friendly
system. For this purpose, a model was set up to investigate the future cost-optimal
use of bioenergy within the German heat transition from a systems perspective. The
model delivers plausible results, which are in line with national energy scenario analyses.
Additionally, the thesis delivers detailed insights on the cost optimal future use of bioenergy
within the German heat transition.

First of all, the investigations show that the heat transition in Germany is possible
from a techno-economic view, as in almost all model evaluations the climate targets could
be fulfilled under the uncertainties investigated. Additionally, it is found that solid biomass
in the form of either wood chips, pellets, log wood or Miscanthus chips is in all investigated
cases a cost competitive renewable heat provision option to fulfill the defined climate
targets. The most robust bioenergy option is found in the form of wood chips from residues
or Miscanthus in high temperature industry applications. Due to the fact that in this
sub-sector the alternative renewable technologies are rare and e.g. renewable power can be
more efficiently used in heat applications in the private household, trade and commerce
sector, biomass is, from a systems perspective, within the heat sector most efficiently
allocated in high temperature industry applications. This finding applies especially to
cases with a high GHG reduction target, which needs to be established by defining a GHG
reduction roadmap. Committing the industry to decarbonize its processes will lead to the
efficient use of biomass in high temperature industry applications.

Log wood technologies in the private household sector are found to be an additional
competitive option, especially when the heterogeneity in consumers and behavioral factors
are considered. Certain consumer groups in the private household sector are willing to pay
more for log wood and also pellet technologies and therefore a future demand for these
bioenergy technologies may persist in this sector. However, the analyses show that in
houses with high insulation standards, economic factors exceed behavior factors.

Hybrid CHP pellet systems are found to be a competitive option for the next decades
under the assumption of strongly increasing power prices. However, increasing power prices
are likely to lead to a competitive advantage of natural gas technologies compared to
heat pumps, which are expected to be fundamental for the heat transition. Consequently,
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increasing power prices are likely to decelerate the heat transition. Efforts should therefore
be made to maintain the power price level at the current level, under which hybrid CHP
pellet systems are not found to be a competitive option.

Political implications: In this thesis, methods have been used that identify pa-
rameters, which impact the model outcome significantly and how they do so. Consequently,
when designing policies, these factors should be in the focus. The uncertainty assessments
show that the future development of the power and gas price as well as the consideration
of consumer choice in the model have a significant influence on the future competitiveness
of bioenergy. As mentioned before, power prices should remain at the current level. End
consumer gas prices need to increase, by e.g. applying a CO2 emission allowance price
at the necessary level. This level depends on the price development of fossil feedstocks,
renewable feedstocks and the power prices. Therefore, a flexible adjustment of a COs
emission allowance price seems necessary. On the other hand, heat consumers need security
in planning to invest in renewable technologies. Furthermore, the heterogeneity of con-
sumers in the private household sector and their potential log wood demand, which might
persist in the future, should at least be discussed when designing policies. Finally, from the
available energy crops, Miscanthus is found in all cases to be the most competitive option.
Despite several major barriers, arising to a large extent from the long term commitment
of growing perennial crops, this finding should be discussed when designing policies. In
summary, if politicians create a technology open framework for the German heat transition,
they can expect a demand for bioenergy in the long term. However, the use of sustainable
biomass should always be in the focus, as it has also been the basis for all investigations
laid out in this theses. Regardless of the application segment for material or energetic
usage, a sustainable, limited biomass supply is necessary, which requires an overarching
political framework.

With the outlined thesis, novel methodological approaches are introduced. They are
contributing to both the uncertainty assessment in energy system analysis and the inte-
gration of consumer heterogeneity and behavioral factors in ESOMs. The methodological
progress in assessing uncertainty leads to policy insights with a high level of confidence
and can serve as a case study or guideline for other researchers. The introduced method
can also be applied to other regions.

4.1 Future research

Based on the limitations, results and conclusions in this thesis the following future research
gaps are identified to improve the basis for the design of an economically and environmentally
friendly heat sector. It was found that biomass will play a particularly competitive, future
role in the industry. A more detailed look into this sector regarding a further differentiation
of the different business sectors, temperature levels and load profiles is highly recommended
by the authors to identify in which concrete applications the limited potential of biomass is
cost optimally allocated. In addition, hydrogen technologies should be integrated into this
analysis, as hydrogen is currently discussed in many industrial applications as a future green
solution. The biggest obstacle for realizing this analysis is the current limited available
data basis. This issue is comprehensively discussed in Lenz et al. [30].

Another research topic identified is the analysis of a necessary COq price level,
appropriate funding instruments or policy steering instruments for realizing a heat transition
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in Germany. The interaction of the COq price and the future, uncertain development of
energy prices, especially the gas, power and biomass price developments, is expected to
have a great influence on the achievement of the climate targets. This effect can be well
investigated with the uncertainty assessment introduced in this thesis. When different
instruments are being implemented in the model, societal influences need to be integrated
as well. In this thesis, it is found that the methodological and the data basis for integrating
consumer choice into the model is limited. For future research, more recent and detailed
empirical data and methodological progress, as e.g. a model calibration would be desirable.

Further research potentials were identified in data availability and methodological
improvements to generate insights with a higher level of confidence. For instance, the
pricing of biomass feedstocks, especially for the future, is difficult to specify. In reality,
certain biomass prices vary regionally, which is different to e.g. power and gas prices. Today
wood pellet prices are somehow connected to the gas price. How does this develop in a
world based on renewable energies? Is there a correlation or dependence between the prices
of biomass residues and biomass from energy crops? A consistent method representing the
future biomass price developments would increase the confidence in model results.

Finally, it seems worthwhile to investigate the effect of an increased temporal and
spatial resolution. With an increased spatial resolution, the regional availability of biomass
could be represented and the possible extension of district heating networks could be
investigated. An increased temporal resolution offers the possibility to further investigate
the effect of sector coupling, especially with regard to the power sector. Seasonal variations
of e.g. the heat demand, solar thermal yield and of renewable power fluctuations could be
assessed.
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Meeting the defined greenhouse gas (GHG) reduction targets in Germany is only possible by switching to
renewable technologies in the energy sector. A major share of that reduction needs to be covered by the
heat sector, which accounts for ~ 35% of the energy based emissions in Germany. Biomass is the
renewable key player in the heterogeneous heat sector today. Its properties such as weather indepen-
dency, simple storage and flexible utilisation open up a wide field of applications for biomass. However,
in a future heat sector fulfilling GHG reduction targets and energy sectors being increasingly connected:
which bioenergy technology concepts are competitive options against other renewable heating systems?
In this paper, the cost-optimal allocation of the limited German biomass potential is investigated under
long-term scenarios using a mathematical optimization approach. The model results show that bio-
energy can be a competitive option in the future. Especially the use of biomass from residues can be
highly competitive in hybrid combined heat and power (CHP) pellet combustion plants in the private
household sector. However, towards 2050, wood based biomass use in high temperature industry ap-

plications is found to be the most cost efficient way to reduce heat based emissions by 95% in 2050.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Global climate change, depleting energy resources and energy
security are issues affecting all countries. In Germany ambitious
emission reduction and efficiency improvement targets are defined
by the government [12]: by 2050, GHG emissions in the energy
sector are to be reduced by 80—95% compared to 1990 levels. A
major share of that reduction needs to be covered by the heat
sector, which accounts for ~ 35% of the energy based emissions [41]
and 54% of the final energy demand [10] in Germany today.

The German heat sector is characterized by its heterogeneity
due to different demand profiles, applications and infrastructures.
Heat consumption takes place in millions of residential buildings
(which accounts for 43% of the final heat demand), trade and
commerce buildings (17%), as well as in many different fields of the
industry (40%) [10], mainly the steel and chemical industries in
high temperature applications. Within these sectors, different

* Corresponding author.
E-mail address: matthias.jordan@ufz.de (M. Jordan).

https://doi.org/10.1016/j.energy.2019.116194
0360-5442/© 2019 Elsevier Ltd. All rights reserved.

temporal demands occur, ranging from seasonal to daily fluctuating
needs. In addition to this complex demand structure, 8% of heat is
not produced at the location of demand, but distributed via district
heating grids [10]. To reduce greenhouse gas emissions in the heat
sector both the demand and supply sides need to be addressed.

Heat demand in buildings needs to be decreased by increasing
the refurbishment rate. Additionally, the heat transition needs
different renewable technological solutions that fit this complex
market structure, combining renewable power and biomass energy
sources.

In 2017, biomass was the largest renewable energy contributor
in Germany (54%), particularly in the heat sector where 87% of the
renewable energy was covered by biomass. Solid biomass was
contributing the highest share of renewable heat with 68% [1].
However, alternative renewable heat options take up more market
shares, the resource biomass is limited and a great share of the
German yearly usable potential is already exploited [7]. On the
other hand, bioenergy has clear advantages compared to other
renewable fluctuating energy sources in the heat sector: weather
independency, the possibility of simple storage and flexible uti-
lisation, in that biomass in contrast to e.g. power can be stored for
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longer periods of time (in some cases, such as for solid biomass,
over seasons) and thus be utilised in times when variable renew-
ables produce little or demand is particularly high (e.g. in winter).
These properties open up a wide field of application for biomass
within the different sub-sectors of the heat sector. But in which
sub-sectors is biomass competitive against other renewable appli-
cations, while fulfilling the GHG reduction targets?

Several studies are available on the development of the German
energy transition in general [28—31], focussing on the power sector
and examining energy from biomass only roughly. Thran et al. [37]
investigated the allocation of biomass in different German energy
sectors. The results show that wood based biomass in the transport
and power sector is only competitive under special circumstances,
expecting to have more competitive applications in the heat sector,
which was not modelled in the mentioned study. To the authors’
knowledge, there is no study modelling the complex structure of
the complete heat sector in detail, while including hybrid heating
technologies and representative bioenergy technology concepts,
also in combination with other renewable technologies. Addition-
ally, reviews focussing on model-based analysis in the heat sector,
do not identify any studies combining the above mentioned
research intentions [6,22].

In this paper, the cost-optimal allocation of biomass between
different heat sub-sectors is investigated in the frame of long-term
energy scenarios. The following research question is assessed:

- Which bioenergy technology concepts are competitive options
in a future, climate target fulfilling heat sector and how does
their potential role differ in different heat sub-sectors?

The aim of this investigation is to determine possible least cost
system pathways towards a renewable heat supply and generate
insights that inform policy makers about the future, cost-optimal
use of biomass in the German heat sector.

2. Materials and method

In this study, the heat sector was divided into several sub-
sectors, with different properties in terms of demand profiles and
infrastructures. Representative bioenergy-, fossil- and other
renewable (hybrid-)heat-technology concepts were defined for
each sub-sector and the technological competition was optimized
in the system within the framework of the German climate pro-
tection plan [9,12] in two scenarios. A consistent scenario frame-
work was set up and detailed biomass feedstock data were defined,
leading to a set of five biomass types, which can be processed into
20 biomass products. With additionally three fossil products, they
can be applied to 47 different technology concepts. Within the
model these technology concepts were in competition on 19
different sub-sectors to identify the optimal allocation of biomass
in the heat sector.

2.1. Modelling

A mathematical optimization approach was chosen to model the
heat sector. The approach of the model follows BENOPT (Bio-
ENergyOPTimisation model), which has been applied on the
transport and power sector [25—27]. As a programming environ-
ment GAMS [14] is used in combination with MATLAB [36]. GAMS is
an algebraic modelling language for mathematical optimization. In
Matlab the input data is imported from Microsoft Excel [23], edited
and automatically sent to GAMS, where the minimum costs are
calculated. The results from the optimizer are exported back to
Matlab, where they are evaluated and graphically prepared.

The model in this paper is fully deterministic and uses perfect

foresight. The technology choice is optimized within the competi-
tion. It is a linear model, using the Cplex solver. The spatial
boundary is Germany as a whole. The objective function is mini-
mizing the total system costs over all technologies i, all sub-sectors
s and the complete timespan t = 2015 ... 2050 (1). The total system
costs are the sum of the technology specific marginal costs mc,
multiplied with the amount of heat produced 7, and the investment
costs ic, discounted with the annuity method (discount rate q) [16],
multiplied with the number of heating systems installed n““. In the
model each (hybrid-)heat-technology concept is separated into
different modules j, assigned with different lifetimes t and indi-
vidual investment costs.
Objective function

cap q(1 + Q)tj

miny MCeispTeish+ D iCrijse Meiis® = (1)
fish tijs T (1+q)t-1
subject to
6['75227”,1‘,5,[77 V(t7 i757 b)e(T7157B) (2)
ib
O + ALY > D g sp, V(61,5 b) € (T, 1S, Byio) 3)
is,b
Max . el . feed o
&g = Zaz,s |\ Eris Ttis + Etish” Miish |»
ish ' (4)
v(t,i,s,b)e(T,1,S,B)
Teish=Mrisp " Nis: ¥V (61,8, b)E(T,1,S,B) (5)
e o1s.ijs = Mia, ¥ (,1,4,5) €(T,1,],5) (6)
d . .
N ijs = Medgs T MErtijs — Nesiijs ¥ (GG S)E(TLLS)  (7)
nfiec o = nifjfialdec  pextdec v (¢,i,j,5) € (T,1,],9) (8)
extdec _ pext ]
nt+/t\j,ijﬁsint’u‘s’ V(t,l,],S)E(T,LJ,S) (9)

Marginal costs include feedstock costs (fossil or biomass), costs
for power demand, maintenance and a CO,-certificate price. The
sum of these costs has a dynamic development, which depends on
the time point, used technology, sub-sector and if applicable the
consumed feedstock product b. Generated power in a combined
heat and power (CHP) system is included as a credit within the
variable costs. For details on how the credit is calculated see section
2.5.

The main model restrictions are as follows: First, the heat de-
mand 6 in each sub-sector needs to be fulfilled. Therefore the sum
of the produced heat within one sub-sector equals the heat demand
within a sub-sector in each year. Second, the yearly consumed
biomass m within the system must not be higher as the sum of the
limited biomass potential from residues ¢™ and the limited land
use potential AL multiplied with the corresponding yield Y of the
energy crop. More details on the biomass potential and possible
biomass pathways are explained in section 2.4 and 2.6. Third, the
yearly maximal allowed amount of GHG emissions £™%, repre-
senting the federal climate targets in Germany, must be greater or
equal to the sum of the technology-based ¢™ and feedstock-based
gfeed emissions (4). The relationship between the produced heat and
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the utilised feedstock product is given in equation (5) and deter-
mined by the conversion efficiency 7 of each technology. Equations
(6)—(9) explain the relationship between the number of heating
systems installed (nP) at time point t, the number of heating
systems newly invested in (n®*!) and the number of heating systems
decommissioned (n9ec). The status quo of all installed heating
systems in 2015 serves as a starting point (n"ta!), This portfolio is
linearly decommissioned over the corresponding lifetime of each
technology (niitialdec)  Heating systems newly installed in the
model (n®!) are decommissioned after they have reached their
lifetime, defined by the variable n®dec, Premature decommission-
ing of heating systems is only allowed for fossil technologies and
limited to 1%/a. As a restriction for energy crops, every type may
maximally double its land use per year.

2.2. Heat sub-sectors

Heat utilisation differs from power utilisation, which is supplied
through one uniform grid with a unique frequency and different
voltage levels which can be transformed up and down. For heat
supply, beside local heating grids, differing in temperature, pres-
sure and extension, numerous single object solutions exist, with
temperatures ranging from 1.000 °C for industrial processes down
to low temperature heating with about 40 °C [40]. Additionally, the
amount of heat required differs, with a corresponding capacity
variation for heat generators. Furthermore, heating systems based
on solid fuels (biomass, coal or waste) vary in terms of operation
efficiency and emissions depending on the load [17]. Differing
patterns for peak demand, yearly demand variations, temperature
requirements and the relation between base load (e.g. hot water
supply) and the varying proportion of the heat demand (e.g. space
heating) require specially adapted technology concepts. Thus, heat
demand can be divided into a whole series of sub-sectors in which
different heating concepts have to be applied.

In reality, each heating object is individually examined and a
decision on the best case is taken by the owner or an ordered de-
cision maker according to an individual set of decision parameters
and the knowledge of the involved actors. For an artificial model, a
fixed set of decision parameters is required as well as a simplifi-
cation of the decision cases (see section 2.1). Therefore, similar
demand cases were aggregated to one sub-sector with mean values
and a certain set up of suitable technology options. Special cases
with low heat demands were included in the most suitable sub-
sector.

The main difference in the heat supply depends on the required
temperature level, which is basically distinguished between in-
dustrial applications (60 °C to more than 1.000°C) and building
heat demand (usually less than 95 °C). Considering comparable
renewable heating concepts, industrial heat supply was separated
into four sub-sectors by different temperature levels [18]:< 200 °C,
200—500°C, 500—1.500 °C and one sub-sector for special coal de-
mand (fossil or bio-coal) in industrial applications for steel
production.

In addition to industrial applications, more than 50% of the total
heat demand in Germany is used for space heating and hot water
supply at a temperature level below 95 °C [40]. When supplying
individual objects of different sizes with fossil systems, no major
technological difference is required. A heat supply by bioenergy,
however, requires the use of different technological solutions
depending on the size of the boiler. From smaller applications in
single family houses using stoves or wood log boilers, through
pellet boilers in multi-family houses up to wood chip boilers in e.g.
schools or hospitals, a variety of technological solutions and com-
binations are possible [17]. Additionally, CHP-technologies based
on solid biomass fuels are favourable options for cases with a high

base load demand, such as in indoor swimming pools. Considering
these aspects, the private household and trade and commerce
sector was structured into 14 sub-sectors according to the peak
demand, the relation of hot water demand to total heat demand
and the required temperature levels [21]. The future development
of the heat demand in each sub-sector is based on the external
results of the model ‘B-STar’ [19]. As a stocks exchange model, it
represents the building stock in Germany and models the future
refurbishment in different scenarios.

Centralized heating supply was summarized in one sub-sector,
determined by the resolution of the data basis.

In total, 19 sub-sectors were defined and described, see Ref. [21].
The average thermal peak load demand and the annual final heat
demand until 2050 serve as input data for the optimization model
and the design of the different technology concepts in each sub-
sector.

2.3. Technology concepts

In order to determine the future use of biomass in the heat
sector, the market competition has to be depicted in the optimi-
zation model. Consequently, different fossil and renewable tech-
nological systems were selected for the competition in each sub-
sector. Beside single technology solutions, also hybrid systems
were included. Hybrid systems are combining different types of
fuels, leading to a variety of possible technical solutions. For the
final selection of the defined heating concepts, the following as-
pects were taken into account:

e The status quo of the national biomass feedstock mix and all
installed heating systems in 2015 were considered.

e As the research is focused on biomass, at least one bioenergy

heat concept as well as one bioenergy CHP concept, based on

solid fuels, is integrated in each sub-sector.

Solar thermal was integrated as an established technology on

the market.

One heat pump concept per low temperature sub-sector was

defined, as this technology offers the potential to fulfil the

complete heat demand for applications lower than 200°C in a

renewable way.

In order to ensure a net renewable power supply for heat

pumps, a heat pump concept is always designed in combination

with a PV system, which produces the major share of the elec-

tricity demand over the year.

As the most competitive fossil references a gas boiler or gas
boiler in combination with a solar thermal system as well as a gas
fuel cell plus solar thermal system were defined in the most cases.
Oil-fired boilers were not included in the modelling as they are
more costly and emit more CO, equivalents than gas-fired boilers.
Every gas-fired concept can either obtain natural gas or bio-
methane, which is fed into the gas network. Different single bio-
energy solutions were described according to the amount of heat
and the thermal peak demand. Additionally, bioenergy hybrid or
multibrid systems including a heat-pump, solar thermal or PV were
selected according to the heat demand parameters of the sub-
sector. Future technical improvements were considered through
yearly increase rates of thermal efficiency, electrical efficiency and a
decrease in investment costs. For gasification systems, a change
from combustion engines to fuel cells is considered within the next
two decades.

In supplementary material it is shown which concepts are
considered in which sub-sectors [21]. As there are some basic dif-
ferences in the concepts between heating in buildings and indus-
trial/district heating provisions, these two sectors are shown in
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separate tables. However, the allocation of biomass over the sub-
sectors is treated equally.

In total, 42 technical concepts where described. The complete
technical and economic data for each technology concept per sub-
sector can be found in a published data set [21]. The calculated
infrastructure emission factors of the single technology compo-
nents as well as the feedstock specific emission factors can be found
in supplementary material [21].

2.4. Feedstock data

According to the above described technology concepts, four
main feedstocks are considered in this model to generate heat or
combined heat and power. Biomass from residues and energy crops
is used for all bioenergy technologies. The basis for all other
renewable heat technologies is the usage of electricity and for the
most competitive fossil technologies gas and coal have been chosen
as a reference. The heat production from plastic waste has been set
as a constant to the amount of generation in 2015. Details on fossil
and power based energy prices are shown in Fig. 3.

The technical potential for biomass residues are shown until
2050 based on Brosowski et al. [7], shown in Fig. 1. Additionally,
crops for energetic and material use are cultivated on 2.4 Mio ha of
land in Germany today [5]. In this study, the maximum permitted
land use is reduced linearly to 2.0 Mio ha in 2050, which is at the
lower limit of identified values from currently available long-term
energy scenario studies [28—31]. On this land area, ten types of
energy crops are cultivated for heat and CHP applications today [5].
In Table 2 the applied yields and the status quo of land use for these
crops in the year 2015 are attached.

Different prices arise for the defined feedstocks. A common
method to estimate future prices of energy crops is to add the per
hectare profit of a benchmark crop to the per hectare production
costs of the energy crops [42]. In Germany, the most common crop
is wheat [32], which holds for the benchmark crop in this study.
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Fig. 1. Technical biomass potential from residues in Germany [7] (top). Available pre-
allocated biomass potential and available land area in case (a) and (b) shown by the
coloured lines. The model is free to pick from any category of residues and is free to
cultivate any of the defined energy crops, as long as the defined upper scenario limit is
not violated.
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Fig. 3. End consumer power (top) and gas (bottom) prices. Own calculations based on
Repenning et al. [11,30].

Based on the price increase of wheat in the last decades [43], two
biomass price development scenarios are modelled in this study
with a yearly increase of wheat by 3% and 5%. For a detailed
description of the applied method in this paper the reader is
referred to Ref. [24]. Prices for biomass products from residues in
2015 are according current prices [4,13,35]. For the future devel-
opment, the yearly increase rate of wheat in the corresponding
scenario is also applied to biomass residues. Fig. 2 shows the
resulting price development of the considered biomass feedstocks.
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Table 1

Model linkage of the heat sector to the power sector in terms of power consumed for heating and power use of CHP/PV technologies. The emissions from grid-based electricity
are allocated to the heat sector in accordance to the power mix specific emission factor [30].

Power Price Credit Heat sector emissions
external demand Final consumer price 0 Emissions from grid power mix
internally used for heating 0 0 Emissions from techn. system
internally used for non heating 0 Final consumer price 0
fed into the grid 0 Stock market price 0

Table 2 power sector. These parameters and predicted fossil feedstock price

Yield of the defined energy crops [20] and their corresponding land use in 2015 for
heat or combined heat and power applications [5]. SRC = Short Rotation Coppice.

Yield (GJ/ha) Land use (ha) 2015

Corn silage 177 872000
Sugar beet 150 15600
Grain 91 151000
Grain Silage 138 123000
Agr. grass 137 20150
Grassland 90 157 849
Silphie 126 400
Sorghum 152 0 (est.)
SRC 137 6630
Miscanthus 273 4500

Applied surcharges for extra processing steps, such as pelletising
etc. can be found in Table 3.

Biomass from residues and energy crops can be converted into
several secondary energy carriers. In this study, 20 biomass prod-
ucts and three fossil products have been defined. In supplementary
material it is defined which products can be used in which tech-
nologies [21]. All fermentable feedstocks are processed into bio-
methane, which is fed into the gas supply network. Since multiple
options per technology are possible, a differentiation between
feedstock specific and technology specific emissions has to be
made. In supplementary material an overview is given of the
technology and feedstock specific emission factors and the corre-
sponding allocation factors applied [21]. The emissions from grid-
based electricity are allocated to the heat sector in accordance to
the power mix specific emission factor [30].

2.5. Sector coupling

The heat sector is strongly linked to the power sector, especially
when CHP and power to heat options are modelled. To generate
conclusive results for the heat sector, a linkage to the power sector
is inevitable. In order to achieve this linkage, a scenario framework
was set up. Certain input parameters, such as the electricity price,
the electricity-mix specific emission factor and the CO, certificate
price, which are highly influential for the market development of
the heat sector, do also rely strongly on the development of the

Table 3

Applied surcharges in the model based on own calculations.

developments are adopted from the ‘KS95’ scenario of the study of
Repenning et al. [30]. Governmental subsidies, such as e.g. the EEG
are not considered in this study. The only market steering instru-
ment is the CO price, which is applied on the complete heat sector.
As a result, the linkage of the heat sector to the power sector in
relation to power prices, feed-in tariffs, own electricity consump-
tion and emission allocation is shown in Table 1.

Repenning et al. [30] projects the future development of power
and gas prices for the energy only markets. The required end
consumer prices for our investigations are calculated consumption-
dependent according to the monitoring report of the federal
network agency for the model starting year 2015 [11]. The future
price developments are projected combining both sources [11,30],
see Fig. 3.

2.6. Scenarios

In this study, a scenario of 95% GHG emission reduction
compared to 1990 is analysed. The focus of the investigation lies on
the development of biomass in the heat sector, but still considering
the interactions to other energy sectors by setting a scenario
framework, derived from the ‘KS95’ scenario from the study of
Repenning et al. [30]. From currently available long term energy
scenarios in Germany [28—31], Repenning et al. [30] is the only one
modelling a transformation path towards a 95% reduction scenario
and also reaching this target in 2050. However, within the study of
Repenning et al. [30] biomass is depicted in a rough level of detail
and only a minor share of the available biomass potential is
distributed to the heat sector in the ‘KS95’ scenario. In this paper, a
broader range of biomass potential is pre-allocated to the heat
sector. Szarka et al. [34] reviews the role of bioenergy in long-term
energy scenarios. The allocation of biomass to the heat sector in
2050 varies strongly between the reviewed studies, ranging from ~
5 — 70% of the overall potential.

Hence, two extreme scenarios are investigated in this paper,
where one time a major share of the biomass potential (case a) and
the other time a minor share of the biomass potential (case b) is
pre-allocated for heating applications, for details see Fig. 1. Conse-
quently, the biomass potential for heat applications is fixed for each
year and scenario, but the model is free to pick from any category of

Surcharge (€/G])

Pellets compared to wood chips 5
Pellet torrefication +14%
Briquettes compared to wood chips 7
Separator for torrefied poplar pellets in pellet technologies 0.3
Separator for miscanthus pellets in pellet technologies 0.2
Separator for poplar briquettes in log wood technologies 0.05
Separator for straw in wood chip technologies 0.4
Separator for poplar wood chips in wood chip gasification technologies 0.2
Separator for miscanthus chips in wood chip technologies 0.2
Transport fee for wood based feedstocks per delivery 50 €
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residues and is free to cultivate any of the defined energy crops, as
long as the defined upper scenario limit is not violated. In both
scenarios, the actual status quo of national biomass use in 2015
serves as a starting point. Biomass imports are not allowed in order
to avoid a shift of negative environmental effects abroad. For all
scenarios, it is assumed that Europe and especially the neigh-
bouring countries of Germany follow similar, ambitious climate
targets and that no relocation of industries or imports arise. Carbon
capture and storage (CCS) is not considered in this study.

Within the model a discount rate is considered for the invest-
ment costs. According to the recommendations of Steinbach [33],
considering the methodology to derive social discount rates as well
as discount rates used in analysed energy scenarios, the applied
value in this model is set to 4%.

3. Results

In the following paragraph, a transformation path towards a 95%
emission reduction in 2050 in the heat sector is shown. Modelling
results are shown for cases (a) and (b) from 2015 to 2050. The
market share of all technology types is shown in Fig. 4. As expected,
the major market share shifts from natural gas technologies in 2015
to power based heat pumps in 2050. The share of bioenergy in the
year 2050 is at 29.0% in scenario (a) and 5.7% in scenario (b). In both
cases, the complete pre-allocated biomass potential is used up from
the year 2035 onwards. The largest biomass shares are holding
wood chip and pellet technologies. Additionally, in case (a), log
wood technologies hold a constant market share of ~ 3%.

A more detailed illustration shows which biomass products are
used for heating or CHP technologies, see Fig. 5. In 2015, one third of
the utilised biomass was in the form of biogas, mostly based on
corn silage. Without federal subsidies, as it is the case in this model,
biogas production is not competitive and market shares decrease
rapidly in both scenarios. A constant use of log wood over time is
found in case (a), however, log wood technologies are the least cost
competitive wood based bioenergy technologies, as their market
share decreases rapidly with decreasing biomass potential in case
(b) from 2030 onwards. In 2015 residual wood was mainly used for
wood chip technologies. The model results show, that in a 95%
emission reduction scenario the use of residual wood is most
competitive over the next three decades in the form of pellets.
However, in the last years until 2050, the use of residual wood in
the form of wood chips is the favourable option to fulfil climate
targets in a cost-optimal way.

The available land area for energy crops is cultivated with Mis-
canthus and processed to chips beginning after the decreasing
cultivation of biogas feedstocks, see Fig. 5. Due to low feedstock

costs and high yields, Miscanthus is a competitive option in such a
scenario. Notable is the use of Miscanthus in form of chips in
contrast to the use of residual wood in form of pellets.

Fig. 6 shows in which specific sub-sectors and technology con-
cepts the biomass potential is distributed. In six sub-sectors,
biomass technologies are competitive options in both scenarios.
Five of these sub-sectors belong to the private household sector, in
which pellet CHP and torrefied pellet CHP technologies in combi-
nation with a heat pump and a photovoltaic system are most
competitive over the next three decades. However, between 2040
and 2050, with emission targets to be fulfilled and increasing po-
wer prices, a shift of biomass use towards high temperature in-
dustry applications is carried out. Consequently, pellet technologies
are replaced by heat pumps or log wood technologies after their
lifetime expansion.

The market share of log wood technologies is strongly depen-
dent on the available biomass potential, as it is the least competi-
tive wood based option. In case (a), with a high available potential,
market shares are constant. Log wood achieves a share of ~ 80% in
the 7,5 kKW single family houses sector, where the log wood stove is
combined with a heat pump and photovoltaic system, while in case
(b) this technology holds only a minor market share.

To sum it up: in the trade and commerce sub-sectors none of the
defined bioenergy technologies are a competitive option. Pellet-
CHP and log wood technologies are favourable options in the pri-
vate household sector, but only in combination with a heat pump
and PV-system. Towards 2050, the use of residual wood is more
cost efficient in high temperature heat applications.

4. Discussion

In this paper, the future role of biomass in a sustainable heat
sector is investigated. First of all, the results show that a substantial
emission reduction of 95% compared to 1990 is possible in the
German heat sector. A reduction of 98%, as it is the case in other
studies using ‘backup capacities’ [19,30], was not possible. Second,
bioenergy is a competitive option within the defined scenario
framework, which confirms the hypothesis from Thran et al
[37—39] expecting to have more competitive applications for wood
based biomass in the heat sector compared to the transport and
electricity sector. Third, it is identified which biomass products are
most competitive in which technology systems and on which sub-
sectors of the heat sector.

According to the model results, in the next three decades until
2040—2045 biomass is identified to be most competitive in the
private household sector, which is in line with Koch et al. [19] and
Repenning et al. [30]. The most favourable options are

a b
5000 5000

o’ 4000 4000
c
el
S 3000 3000
& I Electric heating
2 Il Heat pump
2000 Il Solar thermal 2000
] [EBiomethane
E IlNatural gas
é’ 1000 Il Coal (incl. coke) | 1000

0 0

2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Fig. 4. Model resulting development of the technology market shares for the complete heat sector in case (a) and (b) in a yearly resolution.
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Fig. 5. Model resulting consumption of biomass products in case (a) and (b) in a yearly resolution.

decentralised hybrid CHP combustion applications using residual
wood as feedstock. Especially the combination of a (torrefied-)
wood pellet gasifier CHP with a heat pump and a PV-system is a
favourable option. This is a unique finding in energy systems
modelling. One reason for this finding is that in available studies on
the German energy transition, bioenergy is only considered as
single technology option and not analysed in hybrid heat systems
[28—31,34]. Additionally, this finding shows that the future power
price development has a strong impact on the competitiveness of
heating systems. Fig. 7 shows the merit order of the prime costs for
the most competitive biomass options and their corresponding
competitors in selected sub-sectors for 2015, 2035 and 2050. With
increasing power prices in 2035 and 2050 (see Fig. 3), hybrid heat
technology systems develop to be the cheapest options of all.
Despite these findings, hybrid systems seem to offer the highest
degree of self-sufficiency and therefore being more resilient to any
kind of feedstock price developments than the competing heating
systems. Hence, we conclude that the synergies from hybrid heat
technology systems and their GHG mitigation potential are highly
underestimated and that such systems can substantially contribute
to the success of the energy transition in Germany.

In the long term, in a 95% reduction scenario, bioenergy is most
competitive in high temperature industrial applications in the form
of wood chips. From 2040 to 2045 onwards, biomass use shifts
almost entirely from the household sector to high temperature
industry applications. This shift away from decentralised private
households is in line with Koch et al. [19]. The use of wood based
biomass for industry applications towards 2050 confirms the pro-
jections of several studies ([2,8,15,30,34]). Derived from the results,
see Fig. 6, we conclude that with emission targets to be fulfilled in
2050 the sub-sector™Industry >500°C™ requires a major share of
renewable technologies. Possible renewable options are heating
from biomass or the use of electric arc furnaces. Prime costs of the
electric arc are increasing strongly in 2050 compared to biomass
heating or heat pumps, see Fig. 7. In the private household sector,
the heat pump is an additional option, being more efficient and
more cost effective than the electric arcs. Consequently, biomass
use shifts to high temperature industry applications, avoiding the
use of electric arcs. However, the benefits granted to industry, apart
from the generally lower power prices (see Fig. 3), are not depicted
in this model, making the electric arc a possibly cheaper option. On
the other hand, the use of electric arcs requires significantly more
renewable electricity capacity than the use of heat pumps, which,
in contrast, also make use of ambient heat.

In the trade and commerce sector, as well as in district heating,
biomass is not a favourable option. For district heating, biogas
plants exist today as a result of federal subsidies in the last decades.

Without this support, biogas shares are dropping rapidly in case (a)
and (b), which is in line with findings from other studies in liter-
ature projecting the use of fermentable residues in the transport
sector instead of the heat sector, [19,30,31,37].

From the results it is also found that available land for energy
crops is cultivated with Miscanthus. Again, this is a unique finding
in the modelling of the heat sector. While the cultivation of Mis-
canthus is an endogenous model result in this study, the above
mentioned scenario analysis from literature set the type of energy
crops as an input parameter. In addition, it is notable from our re-
sults, that Miscanthus is almost exclusively used as chips in in-
dustry applications. One explanation is that in private households
additional costs for a separator are required if Miscanthus is used in
pellet technologies. However, high yields and low production costs
lead to a monopoly position among energy crops. So why does
Miscanthus play only a minor role in agriculture today? [42]
identify several major barriers, e.g. a lack of established markets,
high establishment costs as well as uncertainties, arising to a large
extent from the necessary long term commitment. These factors are
not represented in our optimization model and must be considered
separately. Nevertheless, to generate an indicator, a model run
excluding perennial crops was performed, resulting in the use of
biomethane from maize silage in high temperature industry ap-
plications in the long term.

Limitations: Modelling of the heat sector, as it is performed
here, depends on several research studies serving as input data.
Research insights may change, e.g. the potential of wood based
residues was recently corrected downwards [3]. Do the results and
conclusions change, when the pre-allocated biomass potential is
changed? How would the results change if the share of the pro-
jected district heating network would be higher or if biomass
allocation is optimized across all energy sectors? The scenario
design with a higher and lower amount of biomass pre-allocated to
the heat sector is supposed to represent such shifts of biomass use,
but such an approach is limited. However, the outlined results in
this study show the same tendency in both scenarios, indicating
that these factors might have only a minor impact.

Of course, modelling has its limits, so does this model. The
private household sector is depicted in a high level of detail, which
was not possible for the industry and district heating sector, due to
the limited available data basis. Further research in this direction is
highly recommended from the authors’ view.

As mentioned before, the power market is not modelled within
this study. Therefore a new approach was established for linking
the power and heat sector, see section 2.5. By setting a scenario
framework it is not necessary to have a high temporal resolution,
having the advantage of a short model run time leading to the
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Fig. 6. Model resulting development of the technology shares in selected heat sub-sectors in case (a) and (b). The sub-sectors in which biomass technologies are most competitive
are illustrated (6 out of 19). SFH = Single Family Houses; MFH = Multi Family Houses; ST = Solar thermal; PV = Photovoltaic; HP = Heat Pump; CHP = Combined Heat and Power.
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Fig. 7. Merit order of the most competitive biomass technologies and their corresponding competitors in selected sub-sectors for the years 2015, 2035 and 2050. Selected sub-
sectors are from the private household sector 7.5 kW, 10.5 kW, 14.9 kW and Industry >500 °C. ST = Solar thermal; PV = Photovoltaic; HP = Heat Pump; CHP = Combined Heat

and Power.

possibility to represent the heat sector and their technology con-
cepts in more detail. To increase the annual resolution to a monthly
one seems worthwhile to investigate, since the heat demand, PV
yield etc. varies seasonally. However, our model results fit well into
the results of the long-term energy scenarios in literature studies
[19,28—31,34].

When future long-term modelling is done, uncertainties in the
input parameters apply and have an effect on the model outcome.
Using the applied model, with its short model run time compared
to established energy scenario models, opens up the opportunity to
apply a comprehensive sensitivity analysis. In future research we
will implement all input parameters, having an uncertainty, into a
sensitivity analysis and determine the effect of each parameter and
all its interactions with all other parameters on the model outcome.
A detailed description of the method and results goes beyond the
scope of this article.

5. Conclusions

In this paper, a 95% reduction scenario is investigated with two
extreme cases of available biomass potential. In both scenarios, the
same trends develop, once in an attenuated and once in a stronger
manner. It is found that emission targets in the heat sector can be
fulfilled in both cases and bioenergy is found to be a future
competitive option for heat applications. Especially hybrid heat
technology systems were found to be extremely favourable. More
specifically, the most cost efficient options for the next decades
until 2040 were found to be in the private household sector in form
of a hybrid CHP (torrefied-) pellet combustion plant in combination
with a heat pump and a PV-system. A key driver for the competi-
tiveness of these systems is the future development of power pri-
ces. In times of sector coupling, the advantages of such systems and
their potential for emission reduction should not be under-
estimated and should be taken into account when designing pol-
icies. However, in the long term, wood based biomass use is found
to shift almost entirely from the private household sector to high
temperature applications in the industry. With increasing power
prices, the use of wood chips from residues and energy crops in
high temperature industry applications is found to be the most cost
efficient way to reduce the heat based emissions by 95% in 2050.

Another finding from this study is, that available land for energy

crops is almost entirely cultivated with Miscanthus. Despite several
major barriers, arising to a large extent from the long term
commitment, this finding should be discussed when designing
policies.
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HIGHLIGHTS

® Future power and gas prices drive the competitiveness of bioenergy technologies.

® Solid biomass in (high temperature) industry applications is the most robust option.
® With rising power prices hybrid CHP pellet technologies are competitive options.

® The applied method leads to policy insights with a high level of confidence.

ARTICLE INFO ABSTRACT

Keywords: Uncertainties are one of the major challenges of energy system optimization models (ESOM), yet little use is
Heat sector made of systematic uncertainty assessments in ESOM-based analyses. In this paper, an ESOM is combined with
Bioe.ne'rgy' the global sensitivity analysis of Sobol’ to identify robust, competitive bioenergy technologies to fulfill the cli-
Optimization mate targets in the German heat sector under uncertain developments. Through the outlined method, only three
:zgillt,lmy analysis out of 32 investigated parameters were identified to have uncertainties with significant impacts on the future

competitiveness of bioenergy technologies: the power price, gas price and the defined climate target. Based on
these findings, a solution space is quantified showing which bioenergy technologies are robust, competitive
options under the uncertainty of the three influencing parameters. The use of biomass in the form of wood chips
in (high temperature) industry applications is found to be the most robust choice in all cases, while hybrid
combined heat and power wood pellet systems are an additional robust option when future power prices are
increasing. Both technologies have the potential to close gaps in a sustainable energy system and should be
considered for the future use of biomass in the German heat sector, when designing policies.

1. Introduction renewable energy supply, ESOMs are widely used. Calculated model

results are diverse and often lead to different recommendations. A

Climate change requires a transition of national energy systems
away from fossil fuels to renewable solutions. In the case of Germany,
emissions are to be reduced by 80-95% compared to 1990. A major
share of that reduction needs to be covered by renewable heat solu-
tions, which provided only 14% of the German heat demand in 2018
[1]. Bioenergy was the largest renewable heat contributor, but its po-
tential is limited and its future use is uncertain. Therefore, insights need
to be generated that inform policy makers about the cost-optimal use of
bioenergy in a sustainable German heat sector under uncertain devel-
opments.

To determine possible least cost system pathways towards a

major criticism of this approach is that the models are shaped by factors
which are deeply uncertain [2], including e.g. technology innovation,
resource availability, future feedstock price developments and socio-
economic dynamics. Similar uncertainties arise in the German energy or
heat sector and need to be considered when applying ESOMs to inform
policy makers. Accordingly, possible methods that can address these
issues need to be evaluated.

Two types of uncertainties can be distinguished for ESOMs [3]:
parametric and structural. Parametric uncertainty refers to imperfect
knowledge of ESOM input values. Structural uncertainty refers to the
imperfect mathematical relationships within the model. To address
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these limitations, uncertainty assessments can be applied. Yue et al. [4]
outline a review of approaches to uncertainty assessment in ESOMs.
The majority of over 2000 studies associated with ESOMs have been
used in a deterministic fashion with limited attention paid to un-
certainty. About 100 studies used a scenario analysis to address un-
certainty and only 34 studies performed a systematic uncertainty as-
sessment. Scenario analysis is one of the simplest ways to explore the
decision landscape under alternative futures. It has been criticized, e.g.
as “black-box” due to its lack of transparency [5], as a deterministic
methodology not suitable for complex problems with inherent un-
certainties [6] and as a method that underestimates the range of pos-
sible outcomes [7]. Within best practice formulations for ESOMs,
DeCarolis et al. [2] recommends performing a systematic uncertainty
assessment to quantify uncertainty wherever possible. A systematic
assessment can test the robustness of the model results by identifying
which parameters drive the model outputs and help focus scenario
analyses [2]. Today only a few studies follow these recommendations
[8-11].

Yue et al. [4] identified four prevailing approaches that have been
applied to systematically assess uncertainty in ESOMs: Monte Carlo
analysis (9 findings), stochastic programming (18), robust optimization
(3), and modeling to generate alternatives (4). Each of the four tech-
niques has its own focus, advantages and limitations. In principle,
Monte Carlo analysis varies the uncertain input parameters over a
probability distribution. The resulting collection of model outputs can
then be evaluated statistically using a global sensitivity analysis. The
combination of Monte Carlo and global sensitivity analysis can address
both parametric and structural uncertainty. It is a powerful technique
compared to the other approaches addressing uncertainty, but it suffers
heavily from computational burden. It requires hundreds to thousands
of model evaluations, making it impractical for complex models with a
long model run time. However, DeCarolis et al. [2] recommends ap-
plying Monte Carlo/global sensitivity analysis, as a best practice
wherever possible to test the robustness of model results and insights.

Variance-based, global sensitivity analyses, also known as Sobol’
methods, are versatile. They are well suited for taking input factor in-
teractions into account and have established themselves among prac-
titioners in many scientific fields [12-14]. However, to the authors’
knowledge, it has not yet been applied to ESOMs. The only similar
approach applies the Morris screening method on energy models, which
performs local sensitivity analyses in a global context, and is compu-
tationally less demanding [10,9]. In this study, a method is performed
to identify uncertainties in ESOM results by combining optimization
modeling with the global, variance-based sensitivity analysis of Sobol’.
The majority of parameters, all having uncertainties within their future
development, are investigated. The effect of each parameter and its
interaction with the other parameters on the model outcome is de-
termined. Based on the identified, significantly influential input para-
meters, a solution space for technology competitiveness is generated.
This approach is computationally expensive, but purposeful when
aiming to quantify uncertainty. As mentioned above, limited attention
is paid to uncertainty in ESOMs and a need for practical methods to
quantify uncertainty exists. The method in this paper can serve as a case
study for ESOM’s with a model run time in the range of minutes and can
theoretically be applied to any ESOM or region.

In this case, the outlined method is applied to a model optimizing
the future use of biomass in the German heat sector [15,16]. In former
studies, various scenarios were calculated with this model to identify
competitive bioenergy technologies in a future heat sector, fulfilling the
climate targets. The chosen model is set up with a high level of detail in
regard to technical and economic input data, but is still well suited for a
quantitative sensitivity analysis, as the model run time is in the range of
one minute, which is crucial to perform a quantitative sensitivity ana-
lysis [17].

Biomass has advantageous properties compared to other renewable
resources, such as weather independency, simple storage and flexible
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utilization, which open up a wide field of applications for biomass.
However, biomass is limited and its future use in order to fulfill the
greenhouse gas (GHG) reduction targets in the German heat sector is
uncertain and to be investigated in this paper by assessing the following
research questions: Which bioenergy technology concepts are robust,
cost-competitive solutions for fulfilling the climate targets in a future
German heat sector? Which factors are significantly influential for the
cost competitive future use of bioenergy? In this study, a comprehen-
sive sensitivity analysis and thereby a quantifiable solution space for
the future role of biomass in the German heat sector is identified in
order to improve the robustness of the outputs from optimization
modeling and their use in providing policy insights.

2. Materials and method
2.1. The optimization model

The optimization model was used in former research to determine
the future, cost optimal use of biomass in the German heat sector under
different long term climate mitigation scenarios [15,16]. In this study,
the same model formulations are used, but all input parameters are not
set according to a certain scenario. Instead, a probability distribution of
the parameter uncertainties is systematically assessed.

The model structure is as follows: The three main sectors of the
German heat sector, private household, industry and trade/commerce
are further divided into several sub-sectors, with different properties in
terms of demand profiles and infrastructures. In total, 19 sub-sectors
were defined and described. The future development of the heat de-
mand in each sub-sector is based on the external results of the building
stock model ‘B-STar’ [18], which models the future refurbishment of
the German building stock in a yearly resolution using an agent based
approach. Within the optimization model, for each sub-sector, re-
presentative bioenergy-, fossil- and other renewable (hybrid-) heat
technology concepts are described [19], incl. e.g. gas boiler, heat
pumps, direct electric heating, solar thermal, log wood, wood pellet and
wood chip technologies. Possible feedstocks for each technology are
defined. In total 20 biomass products (incl. wood based residues, log
wood, straw, manure, two perennial crops and seven types of energy
crops) and 3 fossil feedstocks are possible inputs, see supplementary
data [19]. For the single technology components, infrastructure emis-
sions as well as the feedstock specific emissions are considered within
the model.

The technological choice is optimized between 2015 and 2050 in a
yearly resolution, while fulfilling the German climate mitigation targets
[20,21]. The objective function is minimizing the total system costs
over all technologies, sub-sectors and the complete time span, using the
Cplex solver for the linear problem. The spatial boundary is Germany as
a whole and the sectoral coverage exclusively includes the heating
sector. A consistent framework was set up representing the linkage to
the power sector. For a detailed description of the model formulations,
the linkage to the power sector, the definition of the sub-sectors and
technology concepts as well as the possible feedstock and technology
pathways the reader is referred to [15]. Detailed economic and tech-
nical data of the technology concepts can be found in supplementary
data [19].

2.2. Assessment of parameter uncertainty

From the input data of the optimization model, parameters with a
possible uncertainty in their future development were selected for the
uncertainty assessment. The choice whether a parameter is attached
with a future uncertainty was based on expert elicitation. Table 1 shows
the selected 32 parameters and the range in which the parameters were
varied for the sensitivity analysis. Information on the uncertainty range
of the parameters was obtained through existing studies or expert eli-
citation.
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Fig. 1. Development curves of the future electricity-only market prices according to existing scenario studies [33,18,34-39]. The investigated uncertainty range of
the power price development in this study (grey area) is defined by the mean of all curves + the according empirical standard deviation.

In seven cases, parameter values are not static, but dynamically
changing over time and their uncertainty is increasing with progressing
time, as e.g. in future feedstock price developments. Fig. 1 exemplarily
shows the development of the future electricity-only market price ac-
cording to 12 different scenario studies. The investigated uncertainty
range of the power price development in this study (grey area) is de-
termined by calculating the mean of the 12 scenarios + the corre-
sponding empirical standard deviation. Within this uncertainty range
(grey area), price development curves are sampled and assessed within
the sensitivity analysis. The uncertainty range of the other parameters
dynamically changing over time is determined using the same method.

Apart from the 32 parameters in Table 1, future uncertainty is also
attached to the heat demand development and depends on the refurb-
ishment rate of the different sub-sectors. The data used for the heat
demand development in the optimization model is adopted from an
external source and only available for an 80% and 95% GHG reduction
scenario [18]. Consequently, it is not purposeful to sample curves
within an uncertainty range. Instead, the heat demand development is
linked to the GHG reduction target. In cases of 80 — 87.5% GHG re-
duction in 2050, the heat demand development data set of the 80%
scenario is adopted. For higher GHG reductions in 2050, the data set of
the 95% scenario is applied.

The future availability of biomass in general and particularly for
heating purposes also has uncertainty. In the DBFZ resource data base
[22] current biomass usage and unexploited potential from residues is
investigated for over 80 types of residues. Within this data base, max-
imal and minimal values for every type of residue is defined, based on a
consistent comparison of existing findings from literature [23]. This
data, combined with energy conversion factors [24,25] and the yearly
available potential of log wood [26], serve as a basis for our in-
vestigation. The uncertainty span for the available biomass potential
from energy crops is sampled along a defined range (2.4 mio ha in
2015; 0-2 mio ha in 2050). From this potential, a certain share of the
available biomass potential is pre-allocated to the heat sector. This pre-
allocation is deeply uncertain and sampled along a range, starting with
the actual amount of biomass used for heat in 2015 towards 30-70% of
the available potential in 2050. This range is derived from the review
by Szarka et al. [27], which shows the projected spread of future bio-
mass usage over the German energy sectors in various energy scenarios.
The uncertainty of the biomass potential and the biomass potential pre-

allocated for heating purposes is analyzed as a whole and not separately
for each biomass product.

2.3. Sensitivity analysis

In this paper, the variance-based sensitivity analysis of Sobol’ was
applied to systematically assess which uncertain input factors are re-
sponsible for the uncertainty in the model output. When aiming to
quantify the relative importance of input parameters p = 1..k for de-
termining the value of an assigned output variable f (p), variance-based
methods are proven versatile and effective among the various available
techniques for sensitivity analysis of model outputs [12]: “Unlike ex-
perimental design, where the effects of factors are estimated over levels,
variance-based methods look at the entire factors distribution, using
customarily Monte Carlo methods of various sophistication.”.

Sobol’ sensitivity analysis studies the scalar model output f (p) if the
model parameters are varied within their uncertainty range. After N
model runs with different parameter sets, the variance V = V (f (p)) of
the scalar output f(p) is split into component variances V; from in-
dividual parameters or parameter interactions. The first order model
sensitivity to each parameter p, is quantified with the first-order Sobol’
index S;, also known as the main effect. The total-order Sobol’ index St;
represents the total effect of parameter p; and its interaction with all
other parameters. A more detailed description of the Sobol’ method and
how to apply it on models can be found in Saltelli [17], Saltelli et al.
[12].

In this study, an algorithm was chosen to calculate the Sobol’ main
effect and total effect with N (k + 2) model evaluations [17]. The
method used to calculate the Sobol indices requires two independent
matrices A and B both containing N sets of k parameters. In this case, k
is the number of parameters and N is the sample size used for the
random value estimate for parameters being varied. For the random
value estimate, Cuntz et al. [28] recommends the use of e.g. stratified
sampling such as latin hypercube sampling, which was applied in this
study with a sample size of N = 1000. The latin hypercube sampling
technique evenly samples from the probability distributions [29]. The
additionally required matrix AY has all columns of A(B) except the ih
column, which comes from B(A). The exact formulation of the indices S;
and S7; are chosen from Table 2(b), (f) of Saltelli et al. [12], which are
described as being best practice.
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Table 1
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Assessed input parameters and their defined uncertainty range. A variation of + is compared to the initial value in Jordan et al. [15]. The heat demand development is
adopted from an external source [18] and linked to the GHG reduction target. PMEF = power mix emission factor

Parameter range Min in % Max in % Source
Power price in €/MWh 32.0 > 43.5 32.0 - 165.6 [33,18,34-39]

Gas price in €/MWh 19.8 — 24.6 19.8 — 42.6 [37,38,33,40,18,41,34,42,43]

Coal price in €/MWh 9.4—- 9.0 13.3 — 23.3 [37,38,33,40,18,41,34,42]
CO,, cert. price in €/tCOzequiv. 10.9 — 17.8 17.7 — 286.5 [37,38,33,40,18,41,34,42-45]

PMEF in gCOsequiv./kWh 564.8 - 12.7 585.9 = 96.5 [33,46,18,34,41,47,48]
Increase of biomass prices in %/a 1 5 Derived from historical data
Discount rate 1 7 Steinbach and Staniaszek [49]
GHG reduction target 80 95 ‘Energiekonzept’ [21]

see Section 2.2
act. use = 30

Biomass potential
Bio. potential pre-allocated to heat

Yield energy crops combustion -33

Yield energy crops digestion -20
Emission factors biomass feedstocks -30
Emission factors fossil feedstocks -10
Investment wood chip tech. -10
Investment wood pellet tech. -10
Investment log wood tech. -10
Investment electric heating -10
Investment heat pump tech. -10
Investment solar thermal tech. -10
Investment gas tech. -10

Lifetime wood chip tech. -5

Lifetime wood pellet tech. -5

Lifetime log wood tech. -5

Lifetime electric heating -5

Lifetime heat pump tech. -5

Lifetime solar thermal tech. -5

Lifetime gas tech. -5

Conversion efficiency wood chip tech. -5
Conversion efficiency wood pellet tech. -5
Conversion efficiency log wood tech. -5
Conversion efficiency biogas -5

see Section 2.2 DBFZ - Data repository [22]
act. use — 70 Derived from Szarka et al. [27]

+33 Derived from KTBL [50]
+20 Derived from KTBL [50]
+30 Expert elicitation
+10
+10
+10
+10
+10
+10
+10
+10

+5

+5

+5

+5

+5

+5

+5
+10
+10
+10
+10
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Both Sobol’ indices range from 0 to 1. S; > S; > 0. If Sp; = S; = 0 the
parameter is non-influential. If S; = S; there is no interaction of the i
parameter with other parameters.

The scalar model output f(p), on which the Sobol’ indices are ap-
plied to in this study, is defined by calculating the share of the con-
sumed biomass 11 of each biomass product b in relation to the sum of all
biomass products used for heating. In each case, the biomass was
summed over the complete time span t = 2015-2050.

2050
D b
fo=1.k= 2(;520201520
z z Hgp
(=2015 b=1

The optimization model is evaluated N (k + 2) = 34000 times. To
overcome the computational burden, the calculations were executed on
a model server grid with 32 cores having 64 logical processors, using
140 GB of RAM in peak and 34 optimizations running in parallel. The
total calculation time took ~60 h.

A visual depiction of how the Sobol’ method is applied to the ESOM
can be found in Fig. 2. Based on the significance of the calculated Sobol’
indices, scatter plots and min/max plots are generated to further ana-
lyze how the significantly influencing input parameters impact the
model outcome f(p). Based on this analysis, a solution space is quan-
tified for the future cost-optimal use of biomass in the German heat
sector under uncertain developments.

3. Results
3.1. Results from sensitivity analysis

For 16 out of the 20 defined biomass products the share f(p) was
<3% in 95% of the 34000 model evaluations. For 12 products, the share
was even <1% in 99% of all model runs. Consequently, the market
shares of 16 biomass products were considered unrelevant and the
sensitivity assessment was further investigated on only four of the 20
biomass products, which are:

® Wood chips (from residues)
® Wood pellets (from residues)
® Log wood

e Miscanthus chips

These four biomass products use >90% of the available biomass
potential in 98.8% of the model runs and >95% of the available biomass
in 92.7% of the model runs.

The calculated Sobol’ indices for the four relevant biomass products
are shown in Fig. 3. It is found that 24 of the 32 investigated parameters
are non influential to the defined model output and only 8 parameters
have an impact on the competitiveness of the biomass market shares.
Due to the significant difference in the values of Sy; to S; of the para-
meters “power price” and “gas price”, an interaction of these two
parameters can be identified. However, from the Sobol’ indices and the
parameter interactions it cannot be analyzed how the 8 parameters
impact the model output f(p). Therefore, scatter plots were generated
for each Sobol’ index with a value >0.05. Input/output scatter plots are
a simple and informative way to provide an immediate visual depiction
of the relative importance of the parameters [30]. More shape or pat-
tern in a scatter plot indicates that f(p) is more sensitive to the corre-
sponding parameter. A high penetration over a wide range of outcomes
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Fig. 2. Flow chart illustrating how the Sobol’ method is applied to the ESOM and how further analyses are conducted in this study. ESOM;_ k., have the exact same
model formulations, only the input parameters are varied according to the Sobol’ method. The flow chart shows one possibility to overcome the computational

burden by applying parallel computing.

is a strong indication of robustness [31,4].

In 12 of 18 scatter plots a pattern could be identified, affecting 7
parameters, see Figs. 4 and 5. From the Sobol’ indices as well as from
the scatter plots, it is found that the uncertainty in the future power
price development has the greatest impact on the share of wood chips
and wood pellets, which in most cases hold the greatest market shares.
High power prices favor wood pellet market shares, while low power
prices favor wood chip market shares. In the scatter plot of Fig. 4, it is
found that the power price influences the upper and lower bounds of
the product shares, indicating that this parameter affects the choice of
the biomass product. While e.g. the uncertainty of the parameter

“biomass potential” only affects an upper or lower bound, indicating
that the parameter does not affect the choice of the product, but does
have amplifying effects.

The log wood shares are significantly influenced by four parameters,
but only in a minority of the cases. In only 5.7% of all model runs,
product shares of log wood rise up to 20-45%, mainly influenced by
low power prices and high gas prices. This confirms the findings from
the Sobol’ indices that the parameters “power price” and “gas price” are
interacting. High log wood market shares only apply when power prices
are low and gas prices are high. A variation of only one of the para-
meters does not lead to this result. However, the low penetration for
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Fig. 3. Sobol’ indices for the 32 investigated input parameter uncertainties on the four identified, relevant biomass products. Both Sobol’ indices range from 0 to 1.
Sri = S; = 0. If S;; = S; = 0 the parameter is non-influential. If S;; = S; there is no interaction of the i parameter with other parameters.

high log wood shares over a wide range of outcomes indicates that the
use of biomass in great amounts of log wood is not a robust result.
Market shares of Miscanthus chips increase with higher yields of energy
crops used for combustion and lower amounts of biomass available.

3.2. Solution space

The analysis of the Sobol’ indices and the scatter plots identified the
uncertainty of six input parameters to be significantly influential on the
market shares of four biomass products (the parameters “biomass po-
tential” and “biomass pre-allocation” have been aggregated, as they
have the same effect). This section reveals into which heat technology
concepts these biomass products are distributed in. Therefore, 32 model
results have been calculated with the maximum and minimum value
developments of the six identified and significantly influential para-
meters. Figs. 7 and 8 in the appendix show which wood based tech-
nology concepts are competitive in the case of min/max parameter
values. Based on the analysis of these two figures and the scatter plots,
the following impacts of the six parameters on the technology market
shares are identified:

e Power and gas price: major impact on the technology competi-
tiveness

o Climate target: changes the technological competitiveness from
2040 onwards; a higher climate target increases the competitiveness
of wood chip technologies

e Biomass potential/biomass pre-allocation: amplifies/weakens the
technology market shares, but does not influence the choice of the
technology

e High discount rate: amplifies the market share in favor of wood chip
technologies and against log wood gasification systems, but does not
change the technology choice

® Yield perennials: negligible influence on the competitiveness of the

selected technology concepts

Evaluating sensitivity analysis, input/output scatter plots and min/
max plots revealed that the choice of the cost optimal bioenergy tech-
nology concepts is found to be significantly influenced by only three out
of 32 parameters: the power price, the gas price and from 2040 onwards
by the climate target. Additionally two parameters have amplifying
effects on the market share of the chosen technologies, the available
biomass potential and the applied discount rate. Based on these results,
a solution space was calculated for the possible bioenergy technology
choices, considering the uncertainties of the three significantly influ-
ential input parameters.

Fig. 6 shows the calculated solution space for bioenergy technolo-
gies in the German heat sector under the min/max development curves
of the future power and gas price. Within the figure, only the relevant
bioenergy technology concepts are shown, leaving out fossil references,
alternative renewable technologies and uncompetitive bioenergy con-
cepts. For hybrid systems, only the solid biomass net energy shares of
the concepts are displayed in order to have a comparable depiction of
the biomass utilization. In cases of maximal power prices, the gas price
is found not to be influential. Therefore, the climate target was also
varied for maximum power prices, showing the impact of that para-
meter from 2040 onwards. The total net energy market share of all
bioenergy technologies is in the range of 10 — 25% from 2030 onwards.
The absolute values can be seen in Figs. 6-8 (in comparison: the future
net energy demand for heating is 4500 PJ in 2015 decreasing to 2700 or
3100 PJ in 2050).

The calculated solution space in Fig. 6 shows that for low power and
low gas prices, the available biomass potential is almost exclusively
used in the form of wood chips in high temperature industry applica-
tions. With rising gas prices, biomass is utilized in industry applications
of different temperature levels. Additionally, major biomass shares are
applied in log wood gasification boilers combined with solar thermal
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Fig. 4. Input/output scatter plots for the wood pellet (residues) and wood chip (residues) market shares, depending on the shown parameters (x-axis label). Each dot
represents one of the 34000 model runs. The x-axis represents the uncertainty range of the input parameter according to Table 1.

systems in the private household sector. When power prices are high,
all other parameters play a minor role on the technology choice. Hybrid
systems used in the private household sector, which combine solid
bioenergy technologies with heat pumps and PV, dominate the market
with an additional share of wood chips in high temperature industry

applications. The main hybrid system in place is a CHP (torrefied-)
wood pellet combustion system. Minor biomass shares are applied to
log wood gasification systems or log wood stoves in the private
household sector. Towards 2050, a high climate target favors the use of
biomass in high temperature industry applications, resulting in a shift
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Fig. 6. Calculated solution space for the choice of bioenergy technologies, considering the defined uncertainties of the input parameters in Table 1. Displayed are the
net energy market shares of the relevant bioenergy technologies in PJ. Within the figure only the relevant bioenergy technology concepts are shown, leaving out fossil
references, alternative renewable technologies and unrelevant bioenergy concepts. For hybrid systems, only the solid biomass net energy shares of the concepts are
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displayed in order to have a depiction of the biomass utilization. All other investigated parameters, beside the “power price”, “gas price” and “climate target”, are set
to a medium value from Table 1. Ind = Industry; DH = District Heating; PH = Private Households; CHP = Combined Heat and Power; HP = Heat Pump;

PV = Photovoltaic; ST =. Solar Thermal.

of almost the complete available biomass away from hybrid systems
into high temperature industry applications. In summary, the cost op-
timal allocation of the available biomass potential mainly shifts be-
tween several sub-sectors of the private household and industry sector,
driven by the development of the power-, gas price and GHG reduction
target.

4. Discussion

The investigation performed in this paper intends to improve the
robustness of the outputs from optimization modeling and for their use
in for providing policy insights. Compared to former scenario analyses
[15,16], the confidence in the robustness of the model results is highly
improved. Instead of the investigation of four scenarios, assessing only
the min/max values of two parameters, a wide decision landscape
under alternative futures was explored, covering the majority of de-
velopments with expected uncertainty, rather than all uncertainties in
general. With this method, it is possible to represent the relationship
between input factors and model outputs, which improves model
transparency and unpacks model structure. The results confirm findings
from the scenario analysis, add new findings and increase confidence in
the findings.

First of all, it is found that in 99.6% of all 34000 model evaluations,
climate targets could be fulfilled. This result shows that it is possible to
have a successful heat transition in Germany and confirms the robust-
ness of that statement. Of course, this is not in line with current de-
velopments in terms of meeting climate targets in the German heat
sector. However, this study intends to show that, from a techno-

economic point of view, it is possible to meet the climate targets in the
heat sector despite all uncertain future developments. Policies or fed-
eral granting is not considered in this analysis. Second, it is found that
bioenergy is a competitive option under the investigated uncertainties.
In all cases, almost the complete available biomass potential, pre-allo-
cated for heating, is used in the model. This results in total bioenergy
net market shares of 10 — 25% from all heating applications in
Germany. Third, robust technology concepts for the future use of bio-
mass under investigated uncertainties are identified, being significantly
influenced by only a few parameters.

With the outlined method, the source of uncertainty in technology
choice, could be narrowed down from 32 to only three parameters,
confirming the findings from Saltelli [30] that only a few factors create
almost all uncertainty, while the majority only make negligible con-
tributions. In this study, the choice of the bioenergy technology con-
cepts is highly influenced by the future development of the power and
gas price. Additionally, the defined climate target changes the techno-
logical competitiveness from 2040 onwards. Moreover, two parameters,
the available biomass potential and the discount rate, have amplifying
effects, but do not influence the technology choice significantly.

The most robust technology for the future use of biomass is found to
be the use of wood chips in (high temperature) industry applications.
This conclusion is derived from the scatter plots of Figs. 4 and 5. A
combined minimum market penetration of wood chips and Miscanthus
chips of ~25% and above over a wide range of outcomes can be iden-
tified, which is a strong indication of robustness [31,4]. Additionally,
the identified solution space reveals major wood chip technology
market shares of ~30 — 90% in all cases, see Fig. 6. Finally, if a climate
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target towards 95% GHG reduction is aimed for, the use of wood chips
from residues and energy crops in high temperature industry applica-
tions is found to be the most cost efficient way to reduce the heat based
emissions in all investigated cases, see Fig. 7.

Nevertheless, with rising power prices, hybrid CHP (torrefied-)
wood pellet shares increase clearly, using up to 60% of the available
biomass potential. Again, the scatter plots in Fig. 4 show a high pene-
tration of major market shares over a wide range of outcomes, which
again is a strong indication of robustness. This finding confirms the
results from former scenario analyses that the synergies from hybrid
heat technology systems and their GHG mitigation potential are un-
derestimated and that such systems can substantially contribute to the
success of the energy transition in Germany [15,16].

A unique finding in this study is the competitiveness of log wood
gasification systems, when power prices remain low and gas prices
increase clearly. However, from the scatter plot in Fig. 5, a low pene-
tration for high log wood shares can be identified, leading to the con-
clusion that log wood gasification systems are not a robust technology
choice under future uncertainties.

Available land for energy crops is, for all model evaluations, nearly
exclusively cultivated with Miscanthus, despite the large range in which
the yields of Miscanthus have been varied in the sensitivity assessment
(+ 33%). Again, the scatter plots in Fig. 5 reveal robust market shares
for Miscanthus, leading to the conclusion that the use of Miscanthus for
reaching the climate targets in the German heat sector needs to be
considered, despite several major barriers arising, to a large extent,
from the necessary long term commitment [32]. These factors are not
represented in the optimization model. A model run excluding per-
ennial crops was performed in a former study [15], which resulted in
the cultivation of maize silage for the use of biomethane in high tem-
perature industry applications in the long term. This could be a possible
business case for biomethane in the heat sector, although it was not
found to be competitive in the uncertainty assessment of this in-
vestigation.

Overall, confidence in the robustness of the model results is highly
improved. Additional findings could be identified and several findings
from former scenario analyses can be confirmed with this study, e.g.
bioenergy is not found to be competitive in the district heating and the
trade and commerce sector. A robust statement about the feasibility of
the German heat transition under future uncertainties is made and
wood chip and pellet technologies are found to be competitive bioe-
nergy options to fulfill the climate targets in Germany. The use of
biomass in the form of wood chips in (high temperature) industry ap-
plications is found to be the most robust choice in all cases, while the
hybrid CHP wood pellet systems are only robust, favorable options
given increasing power prices. Additionally, when doing scenario
analyses, doubts exist regarding the results, arising from the un-
certainty of the model input factors. With the method applied in this
paper, confidence in the robustness of the results and their use for
providing policy insights is deeply improved. To the authors’ knowl-
edge, similar research, beyond simple scenario analysis, has not been
performed on the future use of biomass in the German heat sector.
Especially, the application of the Sobol’ method in energy optimization
modeling is a novel approach performed in this paper. It can serve as a
case study or guideline for other researchers, who want to adapt this
method and increase robustness in their ESOM results, which is highly
recommended within best practice formulations for ESOMs [2]. The use
of the Sobol’ method identifies which parameters significantly impact
the model outcome. Using scatter plots to explore these findings reveal
how these parameters affect the model outcome and can focus scenario
analyses. The quantification of a solution space for competitive tech-
nologies is one possibility of how to exploit these findings. A step by
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step description of the performed method in this paper can be found in
the flow chart of Fig. 2. Theoretically, this method can be applied to any
ESOM or region, the main drawback of the method is the computational
cost to calculate the Sobol’ indices. Therefore, the model run time has to
be in the range of minutes or less. Based on the individual model run
time, the number of parameters to be investigated and the number of
sets required for the random value estimates need to be determined. An
evaluation of the suitability of this method is recommended in each
case.

4.1. Limitations

Uncertainties have become one of the major challenges of ESOMs. A
wide decision landscape under alternative futures was explored in this
paper. Of course, not all possible future uncertainties of the input
parameters can be considered, but the majority of developments with
expected uncertainty were investigated. However, it is assumed that all
input parameters are independent of each other, which may not be the
case. Future correlations between the parameters can occur.
Nevertheless, they are hard to be expressed in numbers today and the
sample size needed to compute sensitivity measures for non-
independent parameters is much higher than in the case of uncorrelated
samples [30].

Uncertainties referring to the imperfect mathematical relationships
within the model, so called structural uncertainties, have not been in-
vestigated [3]. For example, spatial aspects of biomass availability,
spatial heat demand distributions, an increased temporal resolution nor
the individual investment behavior of homeowners were considered.
Especially in the heat sector, with millions of homeowners, the in-
dividual behavior is potentially influential for the future market de-
velopment. However, the research question investigated in this paper
focuses on cost optimal solutions to fulfill the climate targets in a future
German heat sector, for which the individual behavior is not considered
to be imperative. However, increasing the annual resolution to an at
least monthly one seems worthwhile to investigate, since the heat de-
mand, PV yield, etc. varies seasonally.

Of course, modeling has its limits, as does this optimization model.
In a future German energy system, sectors are expected to be strongly
connected. Consequently, all energy sectors should ideally be modeled
together and the available biomass potential could be optimally allo-
cated over all sectors. Due to the complexity of the complete energy
system, this would lead to high model run times, making it difficult to
perform a systematic sensitivity analysis as done in this paper.
However, with increasing shares of power based heating technologies,
the heat sector is expected to be strongly connected to the power sector.
Therefore, a new approach was established to link the power and heat
sector without modeling the complete power sector, see Jordan et al.
[15].

Additionally, the level of detail in a model is limited. The private
household sector is depicted in a high level of detail, which was not
possible for the industry and district heating sector due to the limited
available data bases. Further research in this direction is recommended
from the authors’ view.

5. Conclusions

The application of the Sobol’ method in energy optimization mod-
eling is a novel approach, which can serve as a case study or guideline
for other researchers. The performed method identifies parameters
which impact the model outcome and how they do so. Theoretically,
the method can be applied on any ESOM or region, the main drawback
is the computational cost, for which the model run time has to be in the
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range of minutes or less.

In this paper, the applied method identified bioenergy as a robust,
cost competitive option to fulfill the climate targets in a future German
heat sector under a wide range of uncertain developments. The most
robust use of biomass is found to be in the form of wood chips from
residues and Miscanthus in (high temperature) industry applications.
With rising power prices, the use of biomass in hybrid combined heat
and power (torrefied-) wood pellet technologies in the private house-
hold sector is an additional robust, competitive option. Both techno-
logical concepts have the potential to close gaps in a sustainable energy
system and should be considered for the future use of biomass in the
German heat sector, when designing policies.

The future competitiveness of the identified, robust technology
concepts is mainly influenced by the development of the power price,
gas price and the defined GHG reduction target. Consequently, when
designing policies, these factors should be the focus. Future shortages in
the supply of renewable power need to be represented in high power
prices. Additionally, solid biomass is required to be sustainably avail-
able for heating purposes and the use of Miscanthus for heating should
be discussed and considered, despite the major barriers arising from the
necessary long term commitment of growing perennial crops. A defined
GHG reduction roadmap needs to be established, committing the in-
dustry to decarbonize its processes. When GHG reduction is mandatory
for the industry sector, technologies using solid biomass as a feedstock
is found to be a robust, competitive option for high temperature in-
dustry applications. The outlined recommendations are based on a

Appendix A

Figs. 7 and 8.
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comprehensive sensitivity analysis, investigating a wide range of un-
certainty, and therefore provide policy insights with a high level of
confidence.
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ABSTRACT

The energy transition requires policy makers to adopt a holistic view that also considers non-economic
factors when developing cleaner technology deployment schemes. In particular, a broad knowledge base
is required to ensure an efficient energetic use of the limited biomass potential. Energy system opti-
mization models are widely used to inform decision makers about energy transition strategies. The
heterogeneity of consumers, especially in the heat sector, is rarely considered in these models and
therefore these models lack of completion to contribute to this holistic approach. In this study, a liter-
ature review was conducted to find empirical data on consumer behavior regarding the adoption of
residential heating systems. This data was integrated into an optimization model for the German heat
sector, combining established methods for integrating consumer heterogeneity with a novel approach for
calculating indirect costs representing behavioral factors. The incorporation of consumer choice leads to
a broader distribution of market shares of different technologies in both a “business-as-usual” scenario
and an “ambitious measures” scenario. In particular, the future role of log wood technologies in the
private household sector may have been underestimated in previous studies and should be discussed,
when designing policies. With this study, the knowledge base for decision makers was extended to
discuss the future efficient use of biomass within the German heat sector.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Germany has set itself the target of reducing GHG emissions by
80—95% by 2050 compared to 1990, including emissions from the
heat sector, which are responsible for 53.5% of German energy
demand (Bundesministerium fiir Wirtschaft und Energie, 2019).
The heat sector is characterized by its heterogeneity — not only
from a technical point of view. In addition to varying heat demand
profiles, applications and infrastructures, the sector has a wide
variety of stakeholders with different interests and consumer be-
haviors. For instance, millions of homeowners in the private
household sector, which account for 43% of German heat demand
(Bundesministerium fiir Wirtschaft und Energie, 2019), choose a

* Corresponding author. Helmholtz Centre for Environmental Research - UFZ,
PermoserstraRe 15, 04318, Leipzig, Germany.
E-mail address: matthias.jordan@ufz.de (M. Jordan).

https://doi.org/10.1016/j.jclepro.2021.126319
0959-6526/© 2021 Elsevier Ltd. All rights reserved.

heating system based on their own investment decisions. Thus,
future market development is not influenced by economically
rational behavior alone: as is well known, private investment and
consumption decisions can be influenced by many factors that
deviate from the assumption of economic rationality (DiClemente
and Hantula, 2003; Kahneman and Tversky, 1984). Energy system
optimization models (ESOMs) are widely used to inform about
energy transition strategies. Investment behavior that does not
conform to standard economic rationality may influence projected
market developments in the future and poses a methodological
challenge to ESOMs, which rely on the assumption of cost
minimization.

In the German heat sector in 2019, 14.5% of heat demand was
supplied by renewable energy sources (Umweltbundesamt, 2020).
Of more than 32 million heating systems installed (Bundesverband
des Schornsteinfegerhandwerks, 2018), ~ 12 million are bioenergy
heating systems (Bundesverband des Schornsteinfegerhandwerks,
2018; Ronsch, 2019), constituting the major share of renewable



M. Jordan, C. Hopfe, M. Millinger et al.

heat. Today as well as in the future a variety of bioenergy strategies
are expected to provide renewable heat (Jordan et al., 2019) also in
a flexible way (Lenz et al., 2015). Bioenergy users are influenced,
among other things, by the local availability of log wood, for
instance through forest ownership. Consequently, projections
produced by ESOMs are limited and might be too optimistic or
misleading when relying on cost minimization alone. In order to
inform policy in a more robust way, purely cost-based analyses
need to be complemented by methods that include consumer
heterogeneity and the behavioral factors other than cost minimi-
zation that influence investment decisions.

There is a need to combine insights from different energy
transition disciplines, such as those concerned with economic
development, policy change and consumer behavior (Cherp et al.,
2018). However, consumer choice is often poorly represented in
such models, with hurdle rates, market share constraints or tech-
nology growth rates, among other factors, being used to smooth out
projections (DeCarolis et al., 2017). Instead, modeling methods are
required that are based on robust theoretical underpinnings and
conclusive empirical observations.

Methodological progress has been made in recent years, espe-
cially for ESOM projections in the transport sector. The most
common approach, identified in reviews by DeCarolis et al.
(DeCarolis et al., 2017) and Venturini et al. (2018), is to create
different consumer segments to represent the heterogeneity in
consumer choice (Bunch et al., 2015; Cayla and Maizi, 2015; Daly
et al., 2014; Li and Strachan, 2019; Li et al., 2018; McCollum et al.,
2017; Ramea et al., 2018; Tattini et al., 2018). A bottom-up model
structure with a high level of detail has been found to be most
promising for this purpose (Venturini et al., 2018). Different ap-
proaches exist to incorporate more realistic consumer choice
within the consumer segments. Some optimization models are
linked with a nested nomial logit model (MNL) (Horne et al., 2005).
The basic aim of multinomial logistic regression is to calculate the
probability of a certain event occurring by matching data to a lo-
gistic curve (Backhaus et al., 2016). Another approach is to intro-
duce indirect costs such as disutility costs, willingness to pay, or the
quantification of modal preferences via the monetization of
intangible costs (Tattini et al., 2018) for the different technology
concepts. McCollum et al. (2014) first introduced disutility costs,
which make it possible to consider (non-monetary) discomfort
costs. This approach has been applied fairly extensively in different
model frameworks (Bunch et al.,, 2015; McCollum et al., 2017;
Ramea et al.,, 2018).

For the heat sector, little progress has been made so far in
incorporating consumer choice into ESOMs, despite the heteroge-
neity of consumers. Cayla and Maizi (2015), Cayla and Osso (2013)
conducted a survey and identified three key parameters influencing
consumer choice in the French heat sector. Based on these pa-
rameters, a segmentation in the TIMES model was conducted. 38
also applies consumer segmentation for the heat sector in the UK
TIMES model to represent technology investment behavior. Actual
technology adoption behavior is then based purely on survey re-
sults, excluding economic factors. In literature, the relevance of
behavioral factors that influence investment decisions is found to
vary considerably between countries (Li et al., 2018). Depending on
the country on which the study is performed, the methodological
approaches for calculating indirect costs vary depending on the
country specific influencing factors. A simple transfer of the
methods from e.g. the French region to the German case is therefore
not applicable.

In the literature, an understanding exists that economic and
non-economic determinants need to be considered whenever
technology deployment schemes are developed (Cherp et al., 2018;
Kennedy and Basu, 2013; Kennedy et al., 2016). Policy makers need
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to adopt a holistic view in order to understand how to encourage
heat consumers to adopt cleaner heating systems (Su et al., 2019;
VainioAnna et al., 2020). In the case of Germany, there is a lack of
research addressing this issue. Empirical data on consumer
behavior related to heating systems is available (Michelsen and
Madlener, 2013), but its influence on heat transition scenarios has
not yet been assessed in ESOMs. The goal of the present study is to
provide a broader basis for designing a cleaner system of heat
production in housing and industry applications.

For this purpose, a literature review was conducted to identify
the behavioral factors, other than cost minimization, that influence
investment decisions in relation to consumer heating systems. The
empirical data gathered from this review was integrated into an
optimization model for the German heat sector using methods
derived from recent studies. The concept of consumer segmenta-
tion, in which different indirect costs are introduced, is applied.
Factors influencing actual heating behavior after the installation of
the system are not considered in this study.

The optimization model used in this study was developed to
determine the optimal use of bioenergy in the German heat sector
in different scenarios and given future uncertainties (ETA-Florence
Renewable Energies, 2019; Jordan et al., 2019; Jordan et al., 2020).
In this study, the model is extended to include consideration of
households’ investment behavior in relation to different heating
technologies, the aim being to produce more credible projections or
policy insights and to address the following research question:
Which model projections arise in the German heat sector under
consideration of consumer choice in different scenarios?

2. Materials and methods

2.1. Behavioral factors influencing the adoption of residential
heating systems: A literature review

In order to find empirical data on consumer behavior that can be
incorporated into an ESOM, we proceeded in three steps: first, we
conducted a literature review to identify behavioral factors that
influence consumer investment decisions around heating systems
in Germany. Second, we searched the literature for empirical data
to understand the relevance and strength of influence of the
different factors. Third, we selected data and a typology of con-
sumer segments that was compatible with the requirements of the
model.

The literature review was conducted in two phases. First, two
publications that were randomly selected from the relevant liter-
ature (Michelsen and Madlener, 2012; Steinbach, 2015) and the
literature cited within them (n = 75) were analyzed to extract
relevant keywords. Second, following the recommendations for
literature reviews by Khan et al. (2003), a search strategy was
specified that contained inclusion and exclusion criteria. The Goo-
gle Scholar and Web of Science databases were searched using a
combination of the keywords thus identified, as shown in Fig. 1. All
the terms under A) were combined with B) and all terms of C);
similarly, all keywords in boxes D) and E) were combined with one
another. The search was conducted in both English and German.
Relevant literature was identified by title and abstract, resulting in
135 publications of interest. Articles were included in the review
and analyzed in more detail if they contained surveys (both
quantitative and qualitative), causal analysis, discrete choice
models, cluster analysis or literature reviews based on data
collected in Germany. Studies based on social demography, surveys
related exclusively to system refurbishment, with hypothetical se-
lection options, or a sole focus on heating behavior were excluded.
This resulted in 16 publications that were relevant for assessing
influences on consumers— heating system choices in Germany.
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A) B) )
homes barriers
nonresidential adaption
. renewable heat .
industry motives
commercial sector diffusion
D) E)

heating

houses discrete choice

business questionnaire

organizations

Fig. 1. Keywords used in literature search. Keywords under A) were combined with B)
and C); all keywords of D) and E) were combined with each other.

One finding of this literature review is that empirical data on
consumer choice regarding heating systems is available only for
single- and two-family houses. No empirical data on consumer
heating system choice could be found for multi-family houses, the
trade and commerce sector or industrial facilities.

The 16 studies thus identified were reviewed in more detail and
the factors influencing consumer choice in relation to heating
systems were analyzed qualitatively and grouped into three cate-
gories, see Table 1. Alongside financial motives, which all the
studies found to be influential, non-financial motives such as the
comfort in operating and preferences on eco-friendliness of the
heating system were most often found to influence consumer
choice. Factors related to heuristic/imperfect information process-
ing, were also found in various studies.

The principal goal of this literature review was to find empirical
data on consumer choice capable of being incorporated into an
optimization model for the German heat sector and simultaneously
reflecting the picture found in the literature review. As the refur-
bishment of building stock is an external input and not determined
within the model, only data on the choice of heating system is
relevant for the optimization model. Additionally, the model deals
solely with data on fossil fuel, bioenergy and alternative renewable
technologies so that studies related exclusively to solar

Table 1
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photovoltaics (Klein and Deissenroth, 2017; Korcaj et al., 2015),
studies focusing on only one type of heating technology (Braun,
2010; Mills and Schleich, 2009; Woersdorfer and Kaus, 2011) and
review studies (Gossen and Nischan, 2014) were excluded. As a
result, three survey-based empirical data sets were found to be
potentially suitable for incorporation into the optimization model.
These are described here in more detail.

Stief et al. (Stiel8 et al., 2010) surveyed 1009 homeowners in
2008 on the factors influencing their heating refurbishment deci-
sion and analyzed the data generated (Stief and Dunkelberg, 2013;
Zundel and Stief, 2011). In this survey, the choice of heating system
is included in the refurbishment decision. Additionally, not all
required heating systems are differentiated within this study.
Consequently, this data set was not considered to be incorporated
into the optimization model.

Decker et al. (2009) surveyed 775 homeowners in 2007
regarding their motivation for adopting a residential heating sys-
tem. A factor analysis and cluster analysis were performed on the
data collected using a multinomial logistic regression model (MNL)
(Decker and Menrad, 2015; Decker et al., 2009; Decker, 2010). One
of the main findings is that membership in different “ecological
clusters” is the main influencing factor on the choice of a certain
heating system. An ecological cluster is defined as the general
attitude of a consumer towards environmental conservation.
However, compared to other studies dealing with the purchase of a
certain heating system, the survey response rate was fairly low
(Decker and Menrad, 2015).

The empirical basis for the studies conducted by Michelsen and
Madlener, 2012, 2013, 2016, 2017 is a questionnaire survey
(N = 2440) conducted in 2010 among homeowners who had
recently installed a residential heating system. An MNL model was
applied to the data by Michelsen and Madlener (2013). This made it
possible to identify the motivational factors influencing home-
owners’ decisions about adopting a residential heating system
(RHS). Additionally, a characterization of the motivational factors
was conducted using a principal component analysis, the partici-
pants of the survey being grouped into three clusters using a cluster
analysis: the convenience-oriented (C1), the consequences-aware
(C2), and the multilaterally-motivated (C3) RHS adopter, see
Table 2. The clusters cover 25 influencing factors, which were
grouped around six components by Michelsen and Madlener
(2013). The probability of belonging to one of the three clusters

Influential factors on the heating technology consumer choice identified in literature. The number of studies indicates in how many studies a statistical significant influence
was identified. Factors marked in italic are not represented in the chosen data set from Michelsen and Madlener (2013), which is used in this study.

Category Motivational factors

Influence in the direction of Study numbers

financial motives
Technological efficiency
Financial support
Influence on value of the house
Risk aversion/preference for certainty
Preference for short amortization period
Aversion against debt/taking credit

non-financial motives Comfort in operating/“climate” of living

Preference for eco-friendliness (energy saving)
Preference for modern/progressive technology
Preference for independence from fossil fuels/autarky

aesthetics (appearance of the house)
Prestige/social status

Concern for quality (e.g. fear of construction damage)
Attitudes regarding/evaluation of fuel type

heuristic/imperfect
information processing

Imitation (e.g. neighbors)

Costs (investment/annual costs/maintenance/fuel)

Incomplete/imperfect knowledge via different channels
Laziness, indifference (avoiding a complicated process)

16
1
Renewable heating 5
Renewable heating 3
2
Gas/0il 2
1
Gas/Heat pump 9
Renewable heating 8
Renewable heating 4
Renewable heating 3
3
Renewable heating 3
2
1
6
Gas/0il 3
3
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Table 2

Identified clusters by Michelsen and Madlener (2013): The convenience-oriented
(C1) RHS adopter is mainly motivated by comfort considerations and the general
attitude towards the RHS. The heating system should fit well into his daily routines.
The consequences-aware (C2) RHS adopter considers financial benefits, rising en-
ergy prices, supply security (e.g. independence of fossil fuels) and environmental
reasons. The multilaterally-motivated (C3) RHS adopters strongly engage in the
decision, based on a variety of aspects (in particular cost aspects, grants, comfort
considerations and influence of peers). In addition, the MNL analysis results for
predicting the probability of belonging to one of the three clusters (cluster mem-
bership) are presented as average marginal effect (M.E.) (Michelsen and Madlener,
2013).

C1 Cc2 c3
Consumer share 54.4% 32.2% 13.4%
Gas + solar termal 0.064 —0.096 0.033
Heat pump -0.132 0.026 0.105
Wood pellet -0.398 0.330 0.068

was predicted by means of a MNL model (Michelsen and Madlener,
2013) that considers the interaction between all 25 influencing
factors affecting the consumers choice of heating technology, see
also Table 2. The factors identified reflect all those identified in the
literature except four, as summarized in Table 1.

The empirical data presented by Michelsen and Madlener (2013)
are analyzed by them in detail, their study is one of the most recent
ones available with a high number of participants, and their find-
ings are largely in line with the general findings of the literature
review and the findings of Decker and Menrad (2015). Conse-
quently, the results of Michelsen and Madlener (2013) were
selected in this study for incorporation into the optimization model
to represent consumer choice.

2.2. The optimization model

The optimization model has been used in previous research to
determine the future cost optimal use of biomass in the German
heat sector in different long term climate mitigation scenarios
(ETA-Florence Renewable Energies, 2019; Jordan et al., 2019; Jordan
etal., 2020). In the present study, the structure of the model and the
data have been extended to depict consumer investment behavior,
see section 2.3. Apart from this extension and not setting an upper
limit for greenhouse gas emissions, the same model formulations
are applied as in Jordan et al. 26. In this study, the model is used to
project future market development assuming that all the actors
behave in an economically rational way, except for the behavioral
aspects that are integrated into the model. This includes that all
actors have perfect foresight and consumers are aware of future
price and demand developments.

The approach of the model follows the BENOPT (Bio-
ENergyOPTimisation) model developed for biofuels assessment in
the transport sector (Millinger et al., 2018, 2019; Millinger, 2019).
The model is structured as follows: the three main sectors of the
German heat sector — private household, industry and trade/
commerce — are further divided into several sub-sectors, each with
different properties in terms of demand profiles and in-
frastructures. In total, 19 sub-sectors are defined and described: five
sub-sectors for single-family houses (SFH), four for multi-family
houses, five for the trade and commerce sector and five for in-
dustry and district heating. The future development of heat de-
mand in buildings is based on the results of the building stock
model ‘B-STar’ (Koch et al., 2018), which models the future refur-
bishment of German building stock at a yearly resolution using an
agent based approach. As a result, consumers’ decisions regarding
refurbishment cannot be represented in this model. Within the
optimization model, representative bioenergy, fossil and other
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renewable (hybrid) heat technology concepts are described for
each sub-sector (Lenz and Jordan, 2019), including, e.g. gas boilers,
heat pumps, direct electric heating, solar thermal, log wood, wood
pellet and wood chip technologies. In total, 23 biomass products
(including wood based residues, log wood, straw, manure, two
perennial crops and seven types of energy crops) and three fossil
feedstocks are possible inputs (Lenz and Jordan, 2019). For the
single technology components, infrastructure emissions as well as
the feedstock specific emissions are considered within the model.

The various components of the power price (e.g. taxes and
levies) are treated separately in the model and their future devel-
opment is set according to projected trends (Consentec GmbH and
Fraunhofer, 2018; Gotz et al., 2013; Haller et al., 2015). This leads to
different power prices in the heat sub-sectors (private households,
trade/commerce and industry), despite applying the same projec-
tion for the stock market power price. A detailed description of the
method and the time series applied are attached in the supple-
mentary material.

Choice of technology is optimized between 2015 and 2050 at a
yearly resolution. The objective function minimizes the total sys-
tem costs across all technologies, sub-sectors and the full time span,
using the Cplex solver for the linear optimization problem. The
spatial boundary is Germany as a whole and the sectoral coverage
exclusively encompasses the heating sector. For a detailed
description of the model formulations, the linkage to the power
sector, the definition of the sub-sectors and technology concepts, as
well as the possible feedstock and technology pathways, the reader
is referred to Jordan et al. (2019). Detailed economic and technical
data for the technology concepts can be found in a data publication
(Lenz and Jordan, 2019).

2.3. Integrating consumer behavior into the optimization model

The integration of consumer choice into the model depicting the
adoption of residential heating systems is based on the studies
conducted by Michelsen and Madlener, 2012, 2013, 2016, 2017.
Specifically, the results from the cluster analysis and from the
analysis predicting cluster membership are used in this study
(Michelsen and Madlener, 2013), see Table 2. The cluster segmen-
tation is the basis for splitting the relevant heating sub-sectors into
consumer segments, the same approach as in Li et al. (2018). In this
case, the heat demand of all five single-family sub-sectors,
responsible for ~ 23% of German heat demand, were further
segmented into three consumer segments (C1..C3) each, repre-
senting the clusters identified from Michelsen and Madlener
(2013). A schematic representation of how the consumer segmen-
tation and the application of indirect costs is realized in the model
is shown in Fig. 2.

As shown in section 2.1 while the adoption of a heating system is
driven largely by financial motives, non-financial ones are also
relevant (mainly in terms of comfort and environmental concerns,
see Table 1). The financial aspects are represented comprehensively
in the optimization model (investment, fixed and variable costs).
The non-financial motives are represented via indirect technology
costs. In each consumer segment, different indirect costs are
applied, following established approaches in the literature (Bunch
et al., 2015; McCollum et al., 2014; McCollum et al., 2017; Ramea
et al., 2018; Tattini et al., 2018). In this case, the indirect costs are
derived from predicting which heating systems belong to which
one of the three clusters, see Table 2, presented as average marginal
effect (ML.E.). This marginal effect is translated into indirect costs
derived from an economic textbook approach: according to eco-
nomic theory, market shares of two technologies sh; and sh, should
be inversely related to their relative cost c¢q /c, (Zweifel et al., 2017),
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Fig. 2. Schematic of applying indirect costs in the different consumer segments C1..C3
within the optimization model. The sub-sectors are defined by the size of the heating
system, e.g. 2.5 kW.

with the parameter g indicating the extent to which cost differ-
entials between competing technologies affect their market shares.

sh_1: <C—2)gwithg>0 (1)
Shz C1

As a conclusion derived from this causality, an increased prob-
ability of technology market shares (probability of cluster mem-
bership, see Michelsen and Madlener 42) is translated into a
decrease in costs and vice-versa. Since market shares in the opti-
mization model are based on costs alone, represented by the
objective function, here we translate the probability of cluster
membership directly into an indirect cost factor icf for each

Table 3

Indirect cost factor (icf) derived from the M.E., see Table 2 for the relevant tech-
nology concepts in the different consumer segments (C1..C3). As there is no differ-
entiation between adopting a wood pellet or log wood technology, the M.E. for log
wood technologies is set equal to the one of wood pellets. For hybrid systems the
indirect cost factor is calculated from an equal average of the applicable M.E. PV
systems are not explicitly considered.

C1 C2 c3
Heat demand share 54.4% 32.2% 13.4%
Gas cond. boiler 0.064 —0.096 0.033
Gas boiler + Log
wood stove + ST -0.167 0.117 0.0505
Gas cond. boiler + ST 0.064 —0.096 0.033
Gas fuel cell + ST 0.064 —0.096 0.033
Heat pump + PV -0.132 0.026 0.105
Heat pump + PV + ST -0.132 0.026 0.105
Heat pump + PV+
Log wood stove -0.265 0.178 0.0865
Pellet boiler —0.398 033 0.068
Buffer integrated
pellet burner + ST —0.398 0.33 0.068
Log wood gasif.
boiler + ST —0.398 0.33 0.068
Log wood stove + ST —0.398 0.33 0.068
Torrefied wood pellet
gasifier CHP -0.398 0.33 0.068
Tor. wood pellet
gasif. CHP + HP + PV —0.265 0.178 0.0865
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applicable technology system within the consumer segments, see
Table 3. In an ideal case, the indirect costs factor would be cali-
brated with the parameter g, which was not possible in this study.
The indirect cost factor is incorporated into the objective function
by adding the inverted indirect technology costs proportional to the
investment costs ic and variable costs mc of each technology i, see
equation (2). With this method, negative indirect costs can also
apply, representing a willingness to pay. The investment costs are
discounted using the annuity method (discount rate g, lifetime t).
Finally, the objective function minimizes the total system costs over
all technology modules j, all sub-sectors s, feedstock products b and
the complete timespan t = 2015...2050.
Objective function

miny " mcjsp * Teisp

tis,b
. q(1+q)" (2)
+) icgjjs nfﬂ’jﬁs L a+aT - )
fijs 1+qb-1
+ Z - icfi,c *MCtijs* Ttisc
t,is,.c
. . 14q)b
+ ) —icficicise nﬁfj’.}s‘c .40 +9)7 Aq)
tijsc 1+q)% -1
subject to
Otsc=» Tise; V(t,i,5=1.5,0)€(T,1S,C) (3)
i
Zﬂt,i,stc =Ttis v (t7 i7 S= 15 C) € (T7 17 57 C) (4)
c
n;‘:zc *Kts = Trt,l',S,C’ V(t7 ivs = 157 C) € (T7 17 57 C) (5)
> o = v(tis=1..5,0&(T,LS,0) (6)
Cc

In order to incorporate consumer choice, four additional re-
strictions were added to the original model formulation, which is
described in Jordan et al. 26. The heat demand 9 in each cluster c of
the five sub-sectors s needs to be met by the sum of the heat
produced T of all technologies i within one cluster (3). The sum of
heat produced over all clusters needs to equal the heat production
within its sub-sector (4). The sum of heating systems installed n“P
multiplied by their individual capacity k equals the yearly heat
production of each technology within its cluster (5). Equation (6) is
equivalent to equation (4) in relation to n®P. In each sub-sector,
premature decommissioning of heating systems is only allowed
for fossil fuel technologies and limited to 1%/a. This restriction is not
set within the clusters, i.e. consumers/heating systems can switch
clusters over time within one sub-sector.

2.4. Scenarios and sensitivity analysis

In this study, a business as usual (BAU) and an ambitious mea-
sures scenario (AMS) are analyzed, both calculated with and
without consumer choice. In the BAU scenario energy prices are
kept at a constant level and no CO? pricing is in place. Additionally,
current investment incentives for heating technologies are
considered (except for biogas feed-in compensation) and a mod-
erate refurbishment rate is assumed.

In the AMS scenario, energy only prices increase moderately and
an ambitious pricing of CO; is set, increasing constantly up to 200
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€/tC0%q in 2050. The CO? price increase is derived from current
scenario analyses that project prices in that range to reach a 95%
reduction target (Repenning et al., 2015). Furthermore, all planned
future incentives in the heat sector as well as an ambitious refur-
bishment rate are set in the AMS scenario. The main scenario
parameter settings are shown in Table 4.

A few parameters are set equally in all four scenarios: in the
power sector GHG emissions are assumed to decrease linearly up
until 2050 (17 gCO%eq./kWh in 2050). Further, the national poten-
tial for biomass residues is derived from the upper and lower range
of current energetic use and the exploitable potential described in
Brosowski et al. (2019) and DBFZ (2019), see Fig. 3. The potential of
available land for energy crops is set to decrease linearly to 0 ha in
2050. From the overall available biomass potential (residues and
energy crops), a share of ~ 70% is pre-allocated to the heat sector
(incl. CHP applications) within the model, according to the method
described in Jordan et al. 26.

Finally, the variance-based sensitivity analysis of Sobol’ was
applied to the model to systematically assess which uncertain input
parameters affect the model output. A particular focus is placed on
the effect of applying consumer choice within the model and on
viewing it in interaction with the other uncertain input parameters.
The uncertainty range in which 45 input parameters were varied is
documented in the supplementary material. A detailed description
of how the Sobol’ method is applied to the optimization model can
be found in Jordan et al. 27.

3. Results and discussion

The results show that future market shares for log wood, wood
pellet and also heat pump technology are less represented in the
BAU scenario without consumer choice being applied, see Fig. 4. A
typical picture emerges from the optimization results: only a few
technologies gain major market shares compared to the broader
“portfolio” of the start year, 2015. When heterogeneous consumer
choice is incorporated into the BAU scenario, the market shares of
the start year portfolio remain more or less constant, especially for
the private household sector. In this case, the optimization model
delivers more diverse projections.

A more detailed depiction of market shares for bioenergy shows
the effect on competitiveness of the individual bioenergy tech-
nology concepts in the private household sector, see Fig. 5. Without
applying consumer choice in the model, none of the recent bio-
energy technology concepts remains competitive and all of the
available solid biomass is distributed in high temperature industry
applications, see Fig. 4. This is in line with findings from previous
studies, where this technology option was found to be a robust
result (Jordan et al., 2020). In contrast, when applying consumer
choice, log wood and wood pellet technologies in the private
household sector maintain a constant market share or increase
their market share slightly. Here, the type of technology remains
the same but a switch in the technology deployment concept oc-
curs: the use of log wood switches from gas boilers combined with
a log wood stove and solar thermal system to being used in log

Table 4
Setting of the main scenario parameters.
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Fig. 3. Applied biomass potential from residues derived from national monitoring of
residues (Brosowski et al., 2019; DBFZ, 2019). The range between the upper and lower
curve is investigated in the sensitivity analysis.

wood gasification boilers combined with solar thermal. The use of
pellets switches from pellet boilers in the private household and
trade/commerce sector to use in pellet burners with an integrated
buffer combined with solar thermal.

A similar picture emerges for the ambitious measures scenario.
Without applying consumer choice, biomass is shown to be used
almost entirely by industry while the use of biomass in the private
household sector phases out almost completely, see Figs. 4 and 5. If
consumer choice is applied, the general trend remains that most of
the biomass is used competitively in high temperature industry
applications. Furthermore, bioenergy is used in the private house-
hold sector, especially in the form of log wood. In this case, wood
pellet technologies do not remain competitive.

A detailed depiction of the market shares within the consumer
segments of the five single-family housing sub-sectors shows that
the method of implementing consumer choice leads to the ex-
pected results, see Figs. 6 and 7. In three out of five sub-sectors, the
technology types with the largest market shares are those which,
according to the findings of Michelsen and Madlener (2013), are
preferred by the consumers of the different segments C1..C3. Ex-
ceptions are the sub-sectors with a system size of 2.5 and 5 kW. This
finding, contrary to what would be expected, can be explained on
the basis that these sub-sectors represent a high insulation stan-
dard: in this case the price advantage of heat pumps or gas tech-
nologies overrule the non-economic factors. In addition, the survey
on which the identified consumer choices are based was conducted
in 2010. At that time, houses with such high insulation standards
were underrepresented and therefore did not fall within the scope
of the survey.

In general, we can see that implementing consumer choice leads
to a broader diversity in technology market shares while the

Business as usual (BAU)

Ambitious measures scenario (AMS)

Stock market power price 32 €/MWh 32 €/MWh

Gas price (energy only) 19.8 €/MWh 19.8 — 26,6 €/ MWh

Biomass price increase 0%/a 1%/a

CO? price not in place act. status — 200 €/tCO%eq.
Refurbishment 1-2%[a 2—-3%[a

Incentives Investment subsidies valid until 2019 Investment subsidies valid from 2020
Consumer choice yes/no yes/no
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Ambitious measures scenario (AMS)

+ consumer choice
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Fig. 4. Model resulting development of the technology market shares for the complete heat sector for the different scenarios in a yearly resolution.

market penetration of heating technologies shows a gradual and
smooth development. The model outcome shows a more plausible
development than in the model runs without consumer choice
applied. However, this conclusion has not been subjected to vali-
dation and would require historical data and a calibration of the
model.

Based on this study’s findings, one could conclude that log wood
market shares have been underrepresented in previous studies.
Jordan et al. (2019) concluded that log wood technologies are the

Business as usual scenario (BAU)
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least cost-competitive wood-based bioenergy technology, as their
market share decreases rapidly in the model with decreasing
biomass potential in the scenarios investigated. In addition, a
sensitivity analysis found that the use of biomass in large amounts
of log wood is not a robust result, as indicated by the low market
penetration of high log wood shares over a broad range of out-
comes (Jordan et al., 2020). In this study, we show that the inclusion
of consumer choice has an impact on market shares for log wood in
both the scenarios investigated and the sensitivity analysis, see

Ambitious measures scenario (AMS)

—

+ consumer choice

e

0
2015 2020 2030 2040 2050 2015 2020 2030 2040 2050

Fig. 5. Net energy market shares of the relevant bioenergy technologies in the private household sector. Within the figure only the relevant bioenergy technology concepts are
shown, leaving out fossil references, alternative renewable technologies and unrelevant bioenergy concepts. For hybrid systems, only the biomass net energy shares of the concepts
are displayed in order to have a depiction of the biomass utilization. Ind = Industry; DH = District Heating; PH = Private Households; CHP = Combined Heat and Power; HP = Heat
Pump; PV = Photovoltaic; ST = Solar Thermal.
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Fig. 6. Net energy technology market shares in the consumer segments of the five single-family sub-sectors in the BAU scenario considering consumer choice (in PJ). CHP =
Combined Heat and Power; HP = Heat Pump; PV = Photovoltaic; ST = Solar Thermal.
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Fig. 8. Sobol’ indices on log wood market shares from 2030 to 2050 for the most
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S; = 0 the parameter is non-influential. If S;; = S; there is no interaction of the it
parameter with other parameters. In this case S; can become negative, as some of the
varied input factors are correlated. For a detailed description of this phenomenon see
(Wei et al., 2015).

Fig. 8. The integration of consumer choice is found to influence
market shares for log wood significantly, represented by a high
Sobol’ index.

It should be noted that investment considerations with regard
to log wood technologies were not differentiated from those for
wood pellet technologies in the survey conducted by Michelsen
and Madlener (2012). Consequently, the indirect cost factor in the
model was equalized for both the wood pellet and log wood op-
tions, which is a debatable move. Consumer choice is driven by
economic and ecological factors as well as by comfort and indi-
vidual factors, among others. Pellet and log wood technologies, for
example, have different perceived comfort characteristics. While a
pellet burner runs automatically, a log wood stove has to be piled
up at least once a day. On the other hand, log wood might be readily
available to forest owners (or those with authorized forest access),
leading to the installation of a log wood heating system. This should
be kept in mind when interpreting the results from this study. For
future studies it would be helpful to conduct a more detailed survey
on homeowners’ investment decisions in relation to more differ-
entiated heating technologies.

3.1. Limitations

Although we have been able to show that the integration of
consumer choice leads to a broader diversity in market shares for
different heating technologies and the model delivers more plau-
sible results, the data available for doing so are subject to uncer-
tainty and the methodological options are limited. In this study, the
survey-based empirical data are limited to the consumer behavior
of homeowners in single-family houses. Data on consumer
behavior for multi-family houses or the heat consuming industry
are not available on a national scale. It might be assumed that in
these sectors investment decisions are driven purely by economical
motivations. A review of company guidelines, ISO standardizations,
annual and sustainability reports of the major heat consuming
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companies in the German industry sector did not lead to any
conclusive findings that factors other than economic ones influence
decisions on heating technology investment.

In addition, the data available for single-family houses are from
2010. Behavior change over the course of time, see e.g. Borgstedt
et al. (2010). This factor can have a decisive impact, especially
when modeling a time frame up to 2050. However, a projection of
future consumer behavior in relation to investment decisions
regarding heating system is not currently available. The identifi-
cation of factors that drive such change could help to improve such
projections. For future research, it would be helpful to have
empirical data on the consumer behavior of multi-family house
owners and stakeholders in the heat consuming industry in order
to improve the representation of consumer choice for the heat
sector as a whole.

The method used to integrate consumer choice into the opti-
mization model is in some ways a novel approach. The concept of
creating different consumer segments to represent the heteroge-
neity in consumer choice, however, is an established method
(Bunch et al., 2015; Cayla and Maizi, 2015; Daly et al., 2014; Li and
Strachan, 2019; Li et al., 2018; McCollum et al., 2017; Ramea et al.,
2018; Tattini et al, 2018). Applying indirect or intangible or
disutility costs in these segments is also a common approach. It was
not possible, however, to identify a standard methodological
approach for calculating the indirect costs, representing consumer
investment decisions. In all reviewed papers, indirect costs were
calculated in a unique way for each case driven by the country
specific influencing factors. A simple transfer of the method for
calculating indirect costs to the German case is therefore not
applicable. In this study, an increase in the probability of a higher
market share is translated into indirect costs. This method is
derived from the economic theory which states that the market
shares of two technologies should be inversely related to their
relative cost (Zweifel et al., 2017). This methodological step can be
discussed and, as stated in Section 2.3, a calibration of the factor g
with historical data would be desirable. However, methodological
alternatives are rare. Hedenus et al. (2013) describe the use of
distribution functions to make the model’s results more diverse and
to restrict the diffusion of single technologies. However, a method
showing how to combine distribution functions with empirical
data on consumer choice is, to the authors’ knowledge, not
available.

The tenant-landlord dilemma, describes the circumstance in
rented houses/flats that investments in renewable energy are not
made because the landlord cannot achieve a return on his invest-
ment in the long term, while the tenant would benefit. This
dilemma could not be represented in this study and should be in
the scope of future studies. However, this problem occurs mostly in
multi-family houses, for which empirical data on consumer
behavior was not available for Germany.

Some scholars have wondered whether some of the techniques
introduced have in fact changed the modeling paradigm by intro-
ducing consumer choice into a pure cost minimization model
(DeCarolis et al., 2017). They conclude that the theoretical basis
needs to be better understood and that more empirical data and
case studies are required to improve the integration of consumer
choice in ESOMs. Agent-based models are suited to process prob-
ability data as marginal effects, for example, see Steinbach and
Staniaszek (2015). With agent-based models, microeconomic
behavior can be modeled in a way that reveals macroeconomic
effects. However, optimal economic transition pathways cannot be
determined using this model type, and if the quality of the solution
is important, traditional approaches such as optimization tend to
outperform agent-based approaches (Barbati et al., 2012).
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4. Conclusions

In this study, consumer behavior was integrated for the first
time into an ESOM for the German heat sector. The model enabled
consumer heterogeneity and behavioral factors influencing in-
vestment decisions other than cost minimization to be represented.
The results show that the integration of consumer choice produces
a broader range of technologies with market shares and thus more
plausible results. Established methods representing consumer
heterogeneity and a novel approach for calculating indirect costs
were combined in the model to represent consumer investment
decisions.

We were able to show in the case of Germany and in comparison
to previous studies that solid biomass is not only optimally
distributed in (high temperature) industry applications. The results
indicate that, in the private household sector, a demand for bio-
energy may persist in future energy scenarios: this therefore needs
to be addressed. In particular, the future role of log wood and pellet
technologies may have been underestimated in previous studies
and should be discussed when designing policies. Still, these find-
ings need to be handled with care, since the empirical data basis
and the methodological basis is limited.

Another finding leads to the conclusion that in houses with high
insulation standards, economic factors are predominant and exceed
the willingness to pay for other, preferred technologies. In the
future, the economic advantages of heat pumps in well-insulated
houses overrule non-economic preferences and lead to exclusive
market shares of heat pumps in these sub-sectors.

The results obtained from the study offer a broader basis for the
design of a cleaner heat sector. The literature discusses how con-
sumers can be encouraged to adopt cleaner heating systems. For
this purpose, policy makers need to adopt a holistic view that in-
cludes non-economic factors and captures the heterogeneity of
actors and their preferences. The results of this study provide a
broader knowledge base that can help policy makers decide on
deployment schemes for cleaner heat production. In particular, the
conditions for future use of biomass in the German heat sector
could be improved. In previous studies using pure cost optimized
scenario projections for the future use of biomass, high tempera-
ture industry applications were identified as the cost optimal op-
tion for biomass. Our study shows that when non-economic
behavior factors affecting consumer choice are considered, private
households may demand an additional ~ 100 — 200 PJ/a of log
wood. This projection of future demand should be discussed when
designing technical schemes and policies for implementation. For
the heat consuming industry we conclude that in a future heat
sector based on renewable energy supplies, a competitive demand
might persist for the limited biomass available in Germany. At the
same time, according to the results of this study, there will continue
to be demand for small-scale bioenergy combustion plants in the
future.

In addition, the study contributes to the development of
methods in terms of improving the integration of behavioral factors
of consumer choice into ESOMs. In literature, a demand for further
case studies is described (DeCarolis et al., 2017), to which this
conducted study contributes.

For future studies, the extended model provides an opportunity
to describe the effect of different funding instruments given the
factor of consumer choice. For this purpose, more recent and
detailed empirical data on homeowners’ investment decisions
around a broader range of heating technologies would be helpful. It
would also be helpful to advance the methodology further, e.g. with
regard to calibration, in order to provide policy insights with a high
level of confidence.
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Abstract

Several energy system optimization models are used to identify solutions for the German

energy transition. Most of them lack of detail in regard to the representation of the hetero-
geneous heat sector and the manifold bioenergy options. Benopt-Heat closes the gap and
several research questions related to the future use of bioenergy in the German heat sector
could be addressed. Based on the model results and novel methods to address uncertainty,
policy insights with a high level of detail and confidence are generated. This software pub-
lication provides a basis to further investigate the manifold identified research questions in
this field.
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1. Motivation and significance

Climate change mitigation requires the heat sector to become almost carbon neutral by
2050, according to latest policy adjustments even by 2045. In Germany, the heat sector
accounts for over 50 % of the final energy demand [4]. Nevertheless, the heat transition
has stagnated in the last ten years and only 14,5 % of the heat supply is renewable today
[26]. Energy system optimization models (ESOM) are widely used to identify cost optimal
energy systems or transformation pathways to reach emissions targets. Several ESOMs were
developed to investigate the German energy transition in general [8, 12, 21-24]. A review
by Merkel et al. [15] identified that most of them lack of detail regarding the representation
of the heterogeneous heat sector and data on biomass is in most cases highly aggregated.
However, a detailed model including both the representation of the heterogeneous heat
sector and the variety of possible bioenergy options has not been developed for Germany
so far. Biomass contributes 86% of the renewable energy in the German heat sector today
[1]. However, this resource from residues and energy crops is limited and almost completely
exploited [3].

Applying existing models on the outlined research gap was evaluated to be not purposeful,
as the complexity of the heterogeneous heat-sector and its possible supply concepts would
require substantial modifications in the model structure. Consequently, Benopt-Heat was
developed. In the model, the main heat sectors, private household, industry and trade/
commerce, are further divided into 19 sub-sectors, with different properties in terms of heat
demand profiles, infrastructures and insulation standards. For each sub-sector, a variety
of representative bioenergy-, fossil- and other renewable (hybrid-) heat technology concepts
are described [13]. A detailed depiction of possible biomass products, their prices and their
available potential is defined to assess the future cost-optimal biomass utilization. The
model is embedded in a scenario frame, derived from long term energy transition scenarios
describing the German energy transition from today to a strongly emission reduced energy
system in 2050, e.g. [8, 23].

In addition, various issues that are related to ESOM projections are tackled with this
model. One issue is related to the heterogeneity of stakeholders and consumers in the
heat sector. Different interests, conditions and preferences are in place, influencing future
market development beyond pure economically rational behavior. Integrating consumer
heterogeneity and behavioral factors into ESOMs may generate new insights for energy
policy.

Furthermore, uncertainties are one of the major challenges of ESOMs. The future tran-
sition of the energy system is shaped by a combination of factors that are deeply uncertain,
as e.g. future energy price developments. A systematic assessment can identify which pa-
rameters drive the model output, test the robustness of the model results and help focus
scenario analyses [5]. However, little use is made of these methods in ESOM-based analyses
today.

Considering the above, the following research questions were assessed with Benopt-Heat:

e Which bioenergy technology concepts are competitive options in a future, climate
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target fulfilling heat sector and how does their potential role differ in different heat
sub-sectors?

e Which uncertain factors have a significant influence on the future role of heat from
biomass and which technology concepts are robust solutions based on these factors?

e How does the consideration of consumer choice affect optimal developments in different
scenarios?

Based on the results from Benopt-Heat, future competitive bioenergy technologies were
identified in several scenario analyses [6, 9]. A novel method was introduced combining the
model with the variance based global sensitivity analysis of Sobol’ and led to the identifica-
tion of influential factors and robust bioenergy technologies under the investigated uncertain
developments [10]. The introduced method delivers a valuable contribution to handle un-
certainty in ESOMs and can serve as a case study for other researchers. Finally, for the
first time, consumer heterogeneity and behavioral factors influencing investment decisions
beyond cost minimization were integrated into an ESOM for the German heat sector [11].
The integration of consumer choice improves the behavioral realism of ESOMs and avoids
using hurdle rates, growth rates etc. to smooth out projections and helps to understand the
barriers that exist for new technologies. In summary, policy insights in regard to the future
use of bioenergy in the German heat sector can be generated with a high level of detail and
confidence, also considering future uncertainties and consumer behavior.

Benopt-Heat comes with an user interface, allowing to run customizable scenarios. The
code is executed in a MATLAB environment coupled with GAMS.

2. Software description

2.1. Software Architecture

For the assessment of the outlined research questions a model of the German heat sector
was developed using a mathematical optimization approach. As a programming environment
GAMS [7] is used in combination with MATLAB [25]. In MATLAB the input data is
imported from Microsoft EXCEL [16], edited and automatically sent to GAMS. The results
from the optimizer are exported back to MATLAB, where they are evaluated and graphically
prepared. The model is fully deterministic and uses perfect foresight. It is a linear model,
using the Cplex solver. The spatial boundary is Germany as a whole. The technology
and feedstock allocation is cost-optimized between today and 2050 in a yearly resolution.
In the model nominal prices apply in €5915. The approach of the model follows Benopt
(BioENergyOPTimisation model), which was originally developed for biofuels assessments
in the transport sector [18-20].

Fig. 1 shows the model architecture. The model consists of a user interface and six
main modules (five MATLAB functions and the optimization module in GAMS). The six
functions can be called from different applications such as the user interface or customizable
scripts. The central function Main.m defines the sets and calls the functions of the model.
The function xlsx2mat.m is handling the data import from EXCEL files and stores all input
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Figure 1: Model architecture schematic. Boxes represent modules and arrows represent data flow. The
function names are written in italics. The optimization module is built in GAMS, all the other modules are
built in MATLAB. The numbers on the arrow show the order in which the functions are executed. Data is
imported from Excel files and all input parameters are stored in .mat files.

parameters in .mat files, which leads to a highly improved computing time when e.g. running
a sensitivity analysis. Imported data is processed in the SetParameter.m function according
to the selected scenario setting and is formatted to suit the data format required for the
optimization in GAMS. Within the SetParameter.m function separate sections are defined
for each parameter for clarity. Within this function BioFeedCost.m is called, a function cal-
culating future biomass price developments. After the processing of all parameters, GAMS
is called and the required parameters are sent to GAMS for the actual optimization using
the GDXMRW data exchange protocol interfacing GAMS and MATLAB. The results from
the GAMS optimization are sent back to MATLAB. Finally, a variety of scenario plots can
be generated calling the Plotting.m function. Again, different plots are separated in sections
for clarity within the function. Optimization results can be plotted directly at the end of
the model run or from earlier saved results, which can be loaded via the user interface.

Users configure the model using the user interface for scenario calculations or adapt the
scripts for sensitivity analysis. Additional functionalities, especially in relation to the Sobol’
sensitivity analysis, can be executed using scripts. Due to its modular structure, the model
can easily be adapted to new scenario data, extended with new technology concepts or new
details on biomass feedstocks. A transfer to another country with different infrastructures
and potential for renewable energy, on the other hand, could be a challenge and needs to be
evaluated case by case.



2.2. Software Functionalities

User interface. Customizable scenarios can be designed and executed for predefined
parameter values with the model user interface. The user can choose between predefined
parameter values, which are shown in Fig. 2. The scenario calculations can be executed and
optionally be saved. A variety of model output and input can be plotted, according to the
user selection. Updated input data in the EXCEL files can be loaded into the model via the
user interface.
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Figure 2: Model user interface.

Sub-sectors and technological options. The three main sectors of the German heat sector,
private household, industry and trade/ commerce are further divided into 19 sub-sectors,
with different properties in terms of heat demand profiles, infrastructures and insulation
standards. The future development of the heat demand within the building sub-sectors is
based on the results of the building stock model 'B-STar’ [12], which models the future
refurbishment of the German building stock in a yearly resolution. For each sub-sector,
representative bioenergy-, fossil- and other renewable (hybrid-) heat technology concepts
are described [13], incl. e.g. gas boiler, heat pumps, direct electric heating, solar thermal,
log wood, wood pellet and wood chip technologies. Each (hybrid-)heat-technology concept
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is separated into different modules, defined by its capacity within the concept, the degree
of efficiency, lifetime and investment costs. For each technology module investment costs,
variable costs and the specific emissions are considered. For a detailed description of the
implementation of the technologies into the sub-sectors see Section 2.1 in Jordan et al. [9].

BenOpt-Heat material and energy flow

Feedstock potential: Feedstocks (price):
- Biomass residues (12) q- Biomass residues (11)
- Available land - Energy crops (14)

- Fossil - Fossil fuels (3)

|

Heat Sub-sectors:

- Private household (8) 52 Hybrid Heat
- Industry (4) (— Technology Supply
- Trade & commerce (6) concepts:

- District heating

Figure 3: Model material and energy flow for the considered feedstocks. Arrows represent a matrix defining
the possible pathways. Some feedstock potentials flow into one feedstock (price) category, some can flow in
multiple categories.

Biomass and bioenergy. In total 25 biomass products (incl. wood based residues, log
wood, straw, manure, two perennial crops and seven types of energy crops) and three fossil
feedstocks are possible inputs for the model technologies [13]. The national potential for
biomass residues is derived from the upper and lower range of the current energetic use and
the exploitable potential described in Brosowski et al. [3], [2]. The cultivation of available
land for energy crops is optimized within the model, limited by maximally doubling the land
use per year for each type of energy crop. Biomass imports and exports are not considered as
the analyses aim on the optimal allocation of the national biomass potential within Germany.
From the overall available biomass potential (residues and energy crops), a user defined share
is pre-allocated to the heat sector (incl. CHP applications). The model is free to pick from
any category of residues and is free to cultivate any of the defined energy crops, as long
as the defined upper scenario limit is not violated. The actual biomass usage from today
serves as a starting point. Future biomass prices are projected using a method described in
Millinger and Thrén [17], which was directly integrated into the model code and processes
the yearly biomass price increase defined in the user interface.

Power sector interface. In the future, the heat sector is expected to be strongly linked to
the power sector, due to the expected increase of power based heating systems as heat pumps
and the use of CHP systems. Table 2 shows how consumed power for heating and power
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from CHP systems is priced and how emissions are allocated in the model. Additionally, in
the different heat sub-sectors in Germany, final consumer prices for electricity vary. This
is driven by varying charges in relation to the several components of the power price (e.g.
taxes and levies). Consequently, these components are treated separately in the model and
their future development is set according to projected trends. In the model, it is assumed
that the power sector will be almost completely decarbonised by 2050.

Power Price Credit Heat sector emissions
external demand Final consumer price 0 Emissions from grid power mix
internally used for heating 0 0 Emissions from techn. system
internally used for non heating 0 Final consumer price 0
fed into the grid 0 Stock market price 0

Table 2: Model interface to the power sector in terms of power consumed for heating and
power use of CHP / PV technologies. The emissions from grid-based electricity are allocated
to the heat sector in accordance to the power mix specific emission factor.

Scenario settings. Within the model, a variety of parameters can be modified for a sce-
nario setting. The user interface is a convenient tool for this purpose, delivering for each
parameter a value (development) range derived from literature studies. Possible parameter
modifications are: the setting of a GHG reduction target, the refurbishment rate affecting
the heat demand, data related to the biomass potential, future energy price developments,
policy incentives and the consideration of consumer behavior. For the consideration of con-
sumer behavior related to heating system investment decisions, empirical data on consumer
choice for adopting residential heating systems was identified in the literature. This data was
integrated into the model, combining established methods for integrating consumer hetero-
geneity and a novel approach for calculating indirect costs, representing behavioral factors
[11].

Plotting. Based on the scenario results, a variety of figures can be generated according
to the selection of the user. Different plots are available on the technology and feedstock
market shares on different levels, especially in regard to the biomass and bioenergy use. The
resulting distribution of costs and emissions and some input parameters as energy prices and
operating costs can be shown. Additionally, plots in regard to the capacity and the number
of heating systems installed / invested in/ decommissioned etc. can be plotted for verification
of the model functionality. Various annotated scripts are available for the presentation of
the results in relation to the sensitivity analysis, which can be individually adapted (e.g.
Sobol’ indices, scatter plots).

Uncertainty assessment. A detailed illustration of how the variance based sensitivity
analysis of Sobol’ is applied to the model and how further analyses can be conducted is shown
in Jordan et al. [10]. After the user defined a uncertainty range for selected parameters,
Sobol” indices are calculated, quantifying the impact of uncertain input parameters on the
predefined model output. The Sobol” indices range from 0..1 and quantify the main impact
of the parameter and the impact of the parameter in interaction with all other parameters.
For the execution of the implemented sensitivity analysis of Sobol’, parallel computing is

7



recommended to overcome the computational burden, as e.g. implemented in Jordan et al.

[10]. Based on the Sobol’ indices, further analyses can be conducted, e.g. by the generation
of scatter plots.

3. Illustrative Examples

Exemplary, an extreme scenario is calculated for this paper: the GHG reduction target
in the heat sector is set to 98% compared to 1990, a strongly increasing CO, price and a
high refurbishment rate are set. Additionally, a high biomass potential is available and pre-
allocated to the heat sector and energy prices are kept constant. Policy incentives are not
in place and consumer choice is not considered. The scenario was designed by customizing
the parameters within the user interface. Within the model, a cost-optimal transformation
pathway from 2015 until 2050 is calculated while fulfilling the heat demand and the GHG
reduction target as a restriction.

5000
4000

3000

[ Wood pellet

Il Log wood

I Electric heating
Il Heat pump
Il Solar thermal
[Biomethane
Il Natural gas
1000 Il Coal (incl. coke)

2000

Net energy generation (PJ)

2015 2020 2030 2040 2050

Figure 4: Model resulting development of the technology market shares for the complete heat sector in a
yearly resolution.

The resulting development of the technology market shares are shown for the complete
heat sector in Fig. 4. The technology shares of the ten technology types are summarized
over all technological (hybrid) concepts. The figure shows that a mostly fossil based heat
supply in 2015 is continuously replaced by renewable technology options. Beside heat pumps,
bioenergy technologies using wood chips are especially competitive options and gain major
market shares.

In the top of Fig. 5, the overall available biomass potential from residues in the eleven
predefined categories is shown. In the middle graph of Fig. 5, the actual used biomass is
presented and the lower graph shows the available land for the cultivation of energy crops
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and the actual amount of cultivated land, internally determined by the model. The results
show that in the first 20 years not all the available biomass is used in the model. However,
over time biomass becomes more competitive and the yearly potential is exploited, which
is mainly driven by an increasing GHG reduction target and increased emissions pricing.
Additionally, the results show that particularly solid, wood based biomass is a competitive
option. However, from 2030 onwards digestible biomass becomes an additional competitive
option to fulfill the climate targets.
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Figure 5: Available and consumed biomass potential in a yearly resolution.

With this example, the major functions for a scenario calculation are shown. However,
an uncertainty assessment was not conducted for this paper. For a comprehensive example
of how the sensitivity analysis is conducted, the reader is referred to Jordan et al. [10].

4. Impact

In addition to the several ESOMs that exist for modeling the energy transition in Ger-
many, but which are lacking in detail with regard to the heat sector and the representation of
bioenergy, Benopt-Heat is introduced, which addresses both deficits. The model includes a
detailed representation of the heterogeneous heat sector and a variety of possible bioenergy
feedstock and technological options. The model was applied in several studies delivering
policy insights in regard to the future role of bioenergy within the German heat transition.



These policy insights come with a high level of detail and confidence, since future uncer-
tainties are thoroughly investigated and consumer heterogeneity and investment behavior
are considered. For example, competitive bioenergy technologies in the German heat sector
were identified in several scenarios for the Federal Ministry of Economic Affairs and Energy
(BMWi) [6, 9]. In addition to this study, robust bioenergy technologies for the German heat
transition under uncertain developments of 32 input factors were presented in a solution
space by applying a comprehensive sensitivity analysis, which additionally identified signif-
icant influential parameters on the future competitiveness of bioenergy [10]. Further, the
effect of applying consumer investment behavior on the future bioenergy market develop-
ment within the model was investigated [11]. Moreover, the model contributed to a study
identifying solutions for a COs-free heat supply in private households [27].

The outlined investigations led to the identification of further research questions. For
instance, it was identified that biomass is particularly competitive in the industry sector,
but the data basis for these sub-sectors lacks detail. For more detailed insights, regarding
the specific applications into which biomass can be competitively distributed in the industry,
further research in this direction is highly recommended from the authors’ view. This issue is
comprehensively discussed in Lenz et al. [14]. Moreover, it is found that the methodological
and the data basis for integrating consumer choice into the model is limited. For future
research, more recent and detailed empirical data and methodological progress, as e.g. a
model calibration would be desirable.

In addition, the model is and will be used to evaluate the future competitiveness of
newly developed bioenergy heat technologies, designed at the German biomass research
center (DBFZ). Plans also include the fusion of the model with another ESOM optimizing
the bioenergy use in the German transport and electricity sector [19]. Finally, investigating
the effects of an increased temporal resolution seems worthwhile, since the heat demand,
solar thermal yield etc. varies seasonally. However, with an increased temporal resolution,
resulting in a longer model run-time, the possibility to apply a comprehensive sensitivity
analysis is reduced.

5. Conclusions

With the presented model the outlined research gap could be addressed. The possible
future role of biomass in the German heat transition was assessed in a high level of de-
tail in regard to the representation of the heat sector and the possible (hybrid) bioenergy
technology concepts. Future competitive bioenergy technologies and their corresponding
feedstocks could be identified with the model considering a variety of future uncertainties
and the influence of consumer choice. Additionally, significantly influential factors on the
future competitiveness of bioenergy had been identified to show the interdependencies for
policymakers. With the outlined uncertainty assessment, policy insights could be delivered
with a high level of confidence.
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