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ABSTRACT
Für eine einzelne Firma ist es in der Theorie immer möglich, die eigenen
„Scope-2-Emissionen“ zu verringern. Allerdings ist die Umsetzung dessen
durch politische oder physikalische Rahmenbedingungen limitiert. Die Hy-
pothese dieser Arbeit ist also, dass das verfügbare Potential von erneuerbaren
Energieträgern nicht ausreichet, um den Energiebedarf jeder Firma an jedem
Standort abzudecken, was im Widerspruch zu einer nachhaltigen Zukunft
steht. Ein umfassendes Versorgungsrisiko-Management eines Unternehmens
muss mit „State-of-the-art“-Forschungsergebnissen aus den Feldern Nachfrage-
und Energieinfrastruktur-Modellierung sowie Marktentwicklung dynamisch
interagieren.
Forschungsarbeiten in den genannten Felder sind für derartige Anwendung
nicht ausgelegt. Die vorliegende Arbeit zielt darauf ab, diese Forschungslücke
zu schließen. Forschungsergebnisse der Felder Stromversorgung und
-infrastruktur, namentlich das REMix-Model des Deutschen Zentrum für
Luft-und Raumfahrts, werden mit unternehmensspezifischen Verbrauchsvorher-
sagen gekoppelt. In dieser Forschungsarbeit wird eine KPI entwickelt, welche
das Versorgungsrisiko mit klimaneutralem Strom auf Basis zukünftiger En-
ergiesysteme direkt bewertet, sowohl auf nationaler als auch auf
unternehmensspezifischer Ebene. Das Modell wird an zwei Fallstudien der
BMWGroup und WALA Heilmittel GmbH in Deutschland getestet, die hohe
Diskrepanzen in den bundesweiten und lokalen Risikometriken zeigen. Dies
dient als Maßstab für den Widerspruch von Forschungsergebnissen bezüglich
der Stromversorgung in einer klimaneutralen Energielandschaft und den Wach-
stumsprognosen für einzelne Unternehmen. Andererseits zeigen lokale Unter-
suchungen Unternehmensstandorte auf, an denen die Versorgung mit erneuer-
baren Energien zuverlässig ist. Das in dieser Forschungsarbeit erstellte Mod-
ell hilft somit bei der Entscheidungsfindung in Unternehmen, um eine zukun-
ftsfähige Entwicklung zu gewährleisten.
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ABSTRACT
For an individual company it is theoretically always possible to reduce energy-
related greenhouse gas emissions, the so-called "Scope 2 emissions". How-
ever, this is only possible within certain political or physical limits. The
hypothesis of the research is that the available potential of renewable energy
sources may not be sufficient to cover all energy demands at every location
for a company, which stands in contradiction to a sustainable future. For
a holistic supply risk assessment the company’s energy management has to
dynamically interact with state-of-the-art understanding of energy demand
modelling, energy infrastructure modelling and market developments. Re-
search in the latter fields are not tailored to such application.
This thesis aims to bridge that gap. Results for electricity supply and in-
frastructure research aimed towards a climate neutral economic landscape,
namely results from the REMix model developed by the German Aerospace
Center, are combined with company specific demand predictions in the form
of regressions. A KPI is developed in this research, which directly assesses the
supply risk with climate neutral electricity based on future energy systems,
on the nation wide as well as at the company level. The model is tested on two
case studies of the BMWGroup and WALA Heilmittel GmbH in Germany,
which show high discrepancies in nation wide and localized risks. This serves
as a benchmark of the contradiction between research aimed at electricity
supply in a climate neutral energy landscape and growth projections for sin-
gular companies. On the other hand, local investigations point out company
sites where the supply with renewables is reliable. The model created in this
research can in turn aid with executive decisions within companies to ensure
guided development in the light of a sustainable future.
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Abbreviation Full Description Explanation
KPI Key Performance Indica-

tor
A type of performance measurement. KPIs evaluate the success of an organization in
which it engages.

GVA Gross Value Added Economic measure. GVA = GDP + subsidies on products - taxes on products, given in
mn. EUR or tsd. EUR

XDC-Metric X Degree Compatability right. based on science in-house climate performance indicator, see 1.3.4
EEI Electricity efficiency index Measure for energy efficient utilization of economic goods. In the context of this thesis:

EEI = Elec. cons.
GV A

, given in GWh
tsd. EUR . Note: In respective literature this quantity is

usually defined reciprocal, i.e. GV A
Elec. cons.

REMix Renewable energy mix for
a sustainable power supply

DLR Model, see [21].

UNSEEN REMix model instance Specified implementation of the REMix model, see [21] and 2.1.2
DLR German Aerospace Cen-

ter
Deutsches Zentrum für Luft- und Raumfahrt, german research institution

BMW Bayerische Motoren
Werke AG

German automobile and motorcycle manufacturer. Also referred to as BMWGroup

SVR Sustainable Value Report BMW ’s in house reports on climate performance.
WALA WALA Heilmittel GmbH German drug and cosmetics manufacturer
Net electric-
ity consump-
tion

Total electricity consump-
tion of economic entities

Consumption of electricity computed as generation, plus imports, minus exports, minus
transmission and distribution losses

Table 1: Glossary - Explanation of terminology

Abbreviation Full Description Explanation
r Growth rate Growth rate for GVA of a given company.
FC Forecast/ forecast year Considered timeframe for projections and regression. May be used as index to refer to

forecast values. In the context of the case studies for this thesis: t = FC is the year
2030.

αRE Share of renewable sources The share that describes to which extent the national amount of electricity supply is
produced from renewable energy sources in a given scenario. A result from the UNSEEN
framework.

c Share of consumption The share a economic entity (company/ sector) has in nation wide consumption for a
given observation period. The observation period is given by the subscript

Comp Company Abbreviation (mostly as subscript) to refer to a given economic player in the form of a
company.

Sec Sector Abbreviation (mostly as subscript) to refer to a given economic entity in the form of an
economic sector.

Nat Nation Abbreviation (mostly as subscript) to refer to a given economic entity in the form of a
nation.

E Absolute supply of elec-
tricity

The absolute supply of electicity for a given econmic entity (company/ sector/ nation).
This value exclusively refers to results as given by the UNSEEN framework and derived
values. It therefore always refers to a value for t = FC, i.e. the year 2030, except for
values marked with T as exponent. The entity is given by the subscript. The exponent
can also refer to renewable energy sources (RE). Given in GWh in this thesis. Subscript
may additionally refer to a single geographic region (Egr) as given by the UNSEEN
framework.

D Absolute consumption of
electicity

The absolute consumption (equiv. to demand) of electricity for a given economic entity
(company/ sector/ nation). The entity is given by the exponent. The exponent refers to
the considered observation period. Given in GWh in this thesis.

wgr Weights of geographic re-
gions

Weights of geographic regions to calculate localized results from the UNSEEN framework

gr, geo regs geographical regions Geographical regions of the UNSEEN framework: division of Germany into subregions,
see 2.1.2.

REShare share of renewable electric-
ity

Scenario specific share of renewable supply, subscripted with Comp for the company.
REShareNat is equivalent to αRE

scen, sce-
nario

UNSEEN framework re-
sult instance

A result instance from the DLR UNSEEN project (see sec. 2.1.2), taken to be equivalent
to a scenario for the renewable electricity infrastructure in Germany in 2030. 1985 nation
wide and 5 localized scenarios are available for this research.

Table 2: Nomenclature - Abbreviations and variables as used throughout this thesis
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1 Introduction

1.1 Motivation

In order to achieve the climate goals as given by the Paris Agreement, the
reduction of greenhouse gas emissions is essential. When evaluating compa-
nies from a financial perspective, it is also of central importance to measure
their future viability and thus their value based on greenhouse gas emissions
caused. One area of expertise in the research field of energy system analy-
sis is macroscopic energy system modeling which provides site specific data
about the availability of renewable energy sources and thus about future po-
tentials to reduce energy related greenhouse gas emissions, see the research
by Scholz (2010, [1]), and Prognos (2021, [2]). From the individual point
of view of a company, it is theoretically always possible to reduce energy
related greenhouse gas emissions, the so-called "Scope 2 emissions", for ex-
ample with appropriate energy supply contracts (Teske, 2019, [3]). However,
this is only possible within certain political or physical limits. Depending on
the sector and the future development of energy demand as well as on the
energy infrastructure and renewable potentials at manufacturing sites, there
may be an increased competition for the use of renewable energy sources
in the future. Early stage business oriented solution to assess a company’s
Paris alignment already exist, for example the XDC model developed by
right. based on science. A KPI which directly assesses the supply risk with
climate neutral electricity based on future energy systems is of high desire
for executive decisions within companies to ensure guided development in
the light of a sustainable future.

1.2 Research hypothesis

The hypothesis is that, if scaled up to a macroscopic level, the available po-
tential of renewable energy sources may not be sufficient to cover all energy
demands at every location. Hence, this research aims at answering the fol-
lowing specific question: Is there a site specific risk concerning the access to
sufficient renewable energy supply and can this be quantified by an indica-
tor or metric? It is then desirable to create a tool, which allows for such
quantification automatically, given the necessary data. On the top-level, the
crucial research question to be answered is: How likely is it that the energy
consumption of a particular company will be renewables-based in a future
when large shares of the economy need to exploit this resource? This ques-
tion will be explored at different levels of granularity, namely on a national
as well as company site based level.
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1.3 State-of-the-art

Research is mostly separated between company specific aspects of energy
management and broad research in the fields of energy demand modelling,
infrastructure and market developments.

1.3.1 Energy consumption modelling

Future energy consumption has to be modelled for a company as well as
larger economic entities (sectors, nations) to establish requirements for fu-
ture supply solutions. This is a complex field with specialized research on
different levels of granularity paired with micro- and macroeconomic interac-
tion. G. Erdmann and P. Zweifel (2010, [4]) discuss two general approaches.
The bottum up approach is based on a microeconomic view of the economy,
starting from the analysis of individual processes. Energy demand is thus a
derived variable. In principle, three sources can be determined for changes
in energy demand, consisting of long term and short term factors, as well
as efficiency improvements, where technological improvements are regarded
as the main driving factor. Zweifel models energy demand bottom up by
employing classic machine learning methods as regression analyses, neural or
networks. The model of this thesis utilizes a similar approach to estimate
the future energy demand of singular economic entities, especially in regards
to energy efficiency considerations and machine learning methods.
A bottom-up approach for modelling energy demand has many limiting de-
pendencies, which are for example the high difficulty in having detailed data
as well as the necessity of assumptions (Erdmann and Zweifel, 2010, [4],
p.100).
For a top down approach one models the energy demand according to de-
pendencies w.r.t. macroeconomic variables. The framework developed in
this thesis considers variables relevant for macroeconomic modelling, such
as the GVA, for the methodology of regression analyses of energy efficiency
improvements.

1.3.2 Energy Management at the company level

In general, company specific considerations in the field of energy demand
include holistic approaches in analysing all processes within the company.
The tasks include risk identification and -mitigation. Official guidelines for
setting up such regulatory instruments exist in normative fashion by the In-
ternational Organization for Standardization (2018, [5]). Related academic
literature covers risks to be considered in interaction with energy markets,
as well as bureaucratic aspects. Important associated risks are: market risk,
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price risk, competition risk and supply risk. Also different measures and re-
purposed KPIs to describe energetic performance are often discussed in this
context (Goebel 2007, [6]), (Koppenhoefer et al. 2017, [7]).
Assessments of renewable supply risk are mostly established in-house. Trans-
parency and insights w.r.t. extensivity of supply side availability and devel-
opment considerations in such assessments is therefore very limited. This
stands in strong contrast to their necessity. A company can only achieve
sustainable climate neutrality if all contextual facets are covered and climate
neutrality is a possibility in a larger economic context. These in-house analy-
ses can therefore be viewed as of limited context and appear insufficient from
a system perspective. Peer-reviewed research to enable a climate neutral
economy is a matter of public interest.

1.3.3 Supply side analyses on large scales

Such peer-reviewed literature exists in the field of energy market and power
grid analyses. This research is of sociopolitical and -economic interest, to
ensure sustainable energy supply from renewable resources. In turn, notable
and relevant literature is often developed by specialized research teams for
large scales. German institutions, such as the Helmholtz-Institute in cooper-
ation with the German Aerospace Center (DLR) [8], BMWK [9], Agora En-
ergiewende [10], and the Fraunhofer-Institutes [11] regularly publish research
papers, software and other academic work on the nation wide transition to
renewable energy sources. This literature is aimed at higher granularity than
the company level. Often a combination of distinct localization, specific in-
dustries or energy carrier utilization is investigated.
Other research aims at specific methodology for energy management on the
supply side, see p.e. Demand-Side-Management for electricity grids, as inves-
tigated by Ladwig (2017, [12]) and related research, which utilizes demand
side analysis to regulate the supply. In similar fashion distinction is here car-
ried out w.r.t. specific market participants (p.e. electric cars, see Dallinger
et al (2013, [13])) or other partitions, that are not detailed enough to be
employed for the investigation of energy supply for singular companies. The
REMix model and the associated UNSEEN framework, which is explained
in section 2.1.2, offer higher resolution results to be applied to company level
analysis.
Research to combine both of the aspects of company specific consumption
projections and peer-reviewed research of future electricity infrastructure is
lacking, because of multiple reasons: Firstly there is a lack of incentive for
research institutes to offer detailed analysis on the company level. It serves
no further use than for the management level of the company itself. A given
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optimal solution (i.e. a software) may be marketed as a B2B solution and
bought for money. On the other hand, there is a lack of incentives for a
company’s in-house developed solution to be put forward as publicly avail-
able research. It is in the stakeholders interest to either keep it from direct
competitors or to make it available in exchange for capital.

1.3.4 Methods for assessing companies

Certain B2B solutions for assessing companies based on their alignment to
the Paris Agreement already exist. Examples for this are "Climate Neu-
tral Certifications" [14] or government funded solutions such as the "Climate
Neutral Now Initiative" by the United Nations [15]. An additional example is
given by right. based on science, which provides ESG related services. Its
main advertised product is the X-Degree Compatibility (XDC) Model. This
methodology, grounded in scientific principles, simplifies the assessment of
complex climate impacts across various sectors such as companies, buildings,
and financial portfolios into a single temperature benchmark, i.e. a KPI in
degrees Celsius.
The subject of company energy consumption, which this thesis is focused
on, can be analyzed in similar fashion. In turn the framework of this thesis
makes use of concepts established as part of the right. based on science
XDC-Metric, developed by Helmke et al. (2020, [16]). The focus here is on
energy intensity as a predictor for sector wide technological development and
the Gross Value added being forecasted under the assumption of exponential
growth. This allows for simplistic calculation of an of an economic entity’s
energy consumption from the investigation of the respective intensity and
financial data.

1.4 Research contribution

Company specific solutions may consider limited scopes. While a singular
company may be able to provide itself with renewable electricity via existing
market entry points, this neglects the greater context of resource shortage if
the whole economy demands this resource in equivalence to its consumption.
The framework established within this thesis is therefore meant to cover con-
textual deficiencies of in-house risk assessments while keeping the company
specific character.
For a holistic supply risk assessment the company’s energy management has
to dynamically interact with state-of-the-art understanding of energy demand
modelling, infrastructure and market developments. Research in the latter
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fields are not tailored to such applications. This research aims to bridge that
gap. Results for electricity supply and infrastructure research aimed towards
a climate neutral economic landscape are combined with company specific
consumption prediction models.
The established framework is tested on case studies with the publicly avail-
able data of the companies WALA Heilmittel GmbH and Bayerische Mo-
torenwerk AG with focus on their economic activities within Germany.
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Contents

2 Methodology
This section gibes an overview over the methodology employed in this thesis.
It will be divided into two segments. First, a nation level analysis will be
conducted to draw conclusions about a company’s nationwide supply risk.
After proposing this concept to various companies, a strong interest crys-
tallized in a detailed analysis focusing on company site level results, which
is developed within the framework of this study. The second part of the
methodology overview and each case study therefore aims at this localized
analysis. This answers the question of a supply risk with renewable energy
sources for individual company sites.
The national as well as the localized consideration will be divided into three
aspects. First, the consumer side will be examined, i.e. the companies in
detail, after which the supply is evaluated. The final section brings these two
considerations together.

2.1 Nation wide Model

2.1.1 Electricity consumption

Before going into the nation level analysis for a company’s electricity demand,
the discussion focuses on the model choices.

Regression model

To forecast electricity consumption a regression model that assigns the com-
pany’s financial data set of gross value added (GVA, see 1) to its electricity
consumption is established first. With an assumption based derivation of
future values for this KPI the electricity consumption is then projected into
the future. For this task multiple models can be and have been applied in
respective research, see B. Ameyaw and L. Yao (2018, [17]), R. Steinert and
F. Ziel (2018 [18]) and V. Srikrishnan et al. (2022, [19]).
Since the focus of this research is on establishing a robust framework, which
considers only basic aspects of the future electricity market and combines
different statistical approaches for each of them, the decision is made to em-
ploy a simple regression model for forecasting future electricity demands.
With publicly available data, a reliable model for predicting future electric-
ity consumption DComp

FC of a company is given by a linear least − squares
regression model. There is a variety of reasons why this form of the model
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is chosen: Its main advantage lays in its simplicity. It is easy to analyze
and one can readily determine the exact effect any change has on the model
outcome. The requirements in extensivity of data are comparatively low for
the model to stay reliable. The choice as to which exogenous variables are
considered here orients along the lines of existing bottom up models and
forecast models, see Herbst et al. (2017, [11]), da Silva et al. (2019, [20]).
Commonly used data sets for exogenous variables are :

• Number of Employees

• Turnover

• Gross Value Added (GVA)

• Production volume

• Building size

Most of these data sets are expected to show strong correlation. A modifica-
tion is therefore possible.
In analogy to the right. based on science XDC-Metric the framework
of this thesis considers the GVA as the explanatory variable of main inter-
est. The modification for this thesis evaluates the evolution of the electricity
efficiency index EEI

EEIt =
Dt

GV At

(1)

over the time t in its regression model, s.t.

ˆEEIt = β̂1 · t+ β̂0, (2)

with the EEI and the years t as defined above and the estimators β̂1 and
β̂0. This reflects the technological development in production processes as
described in ([4], p.79ff). A multiplication with the GVA results in the desired
electricity consumption forecast.

Forecasting GVA Growth

With the GVA being an independent variable in this model, a predictive value
for it is needed to compute a future electricity consumption. right. based
on science (see 1.3.4) offers multiple approaches for calculating the GVA
based on historical values, most notably by assuming exponential growth. A
constant growth factor is determined as follows:

r = T−t0

√
GV AT

GV At0

− 1, (3)

14



where GV AT and GV At0 are the first and last observed value of the com-
pany’s GVA, respectively. Alternatively one may assume the company to
grow in accordance to the global economy, s.t. the values GV AT and GV A0

are replaced by values for the economy as a whole.
The future GV AFC is computed as

GV AFC = GV A0 · (1 + r)FC−t0 , (4)

where FC refers to the year to project into.

Forecasting electricity consumption

This section discusses how one arrives at future values for a company’s elec-
tricity consumption. The forecast result and accuracy varies from company
to company, due to the differences in data sets, such as

• Granularity (energy carriers, utilization, etc.)

• Survey regulations

• Time resolution

• Geographic resolution

• ...

The model is structured as can be seen in the flowchart fig. 1. In the following
each step is explained one by one.
1. First, The electricity efficiency index EEIt is calculated

EEIt =
Dt

GV At

(5)

over the years the t, given by the historically available values for electricity
consumption (Dt) and GVA (GV At).
2. The EEI is then used as the regressand for a linear regression model, with
the regressor being the years t, i.e. a model given by 46. A forecast for the
electricity consumption can then be determined by multiplying a value for
the GVA with above result for the desired time horizon.
3. To retrieve said GVA the methodology established by right. based
on science is employed, as described above. A company growth factor r is
established from the calculation

r = T−t0

√
GV AT

GV At0

− 1, (6)
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Figure 1: Flowchart to arrive at company’s electricity demand forecast. This procedure is
divided into 5 steps, explained in section 2.1.1. The colors are coded, s.t. green refers to
direct input, with the white boxes giving more information. Red boxes signal calculation
steps. Yellow boxes refer to final (section) results, that will be reused later on. All following
flowcharts use the same color coding.

where GV AT and GV At0 are the first and last available value of the com-
pany’s GVA, respectively.
4. The growth factor is used to establish the assumption for a future GVA
at time t = FC − t0

GV AFC = GV A0 · (1 + r)FC−t0 (7)

5. This value is multiplied with the regression result for the EEIFC de-
velopment, i.e. β̂1 to acquire the forecast result for the company electricity
consumption in year t = FC:

DComp
FC = (β̂0 + β̂1 · FC) ·GV AFC , (8)

where β̂0 and β̂1 are taken from the regression eq. (46).

2.1.2 Electricity supply

UNSEEN project Description

The second main aspect for the framework of this thesis is the model for
renewable electricity supply. This is based on existing DLR scenario studies
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([1], [2]). They are used to derive probabilistic descriptions of the infrastruc-
ture of renewable electricity supply in different regions. A bottom up poten-
tial analysis is used for this approach. For possible renewable resources this
framework considers their availability in terms of future capacity expansions
and techno-economic improvement scenarios. RES power plant expansions
are assumed based on previous DLR publications.
The central UNSEEN framework is discussed here in short (Frey et. al, 2020,
[21]).
The framework has been developed to delve into the intricacies of scenario
development. These scenarios are specifically designed to advance the goal
of achieving a decarbonized future, aligning with global efforts to mitigate
climate change.
Both best-case and worst-case scenarios are developed within this framework,
providing a comprehensive understanding of potential outcomes. To iden-
tify optimal solutions, an optimization model is implemented, utilizing con-
straints. Variable inputs are employed, concerning historical weather years
to determine electricity storage from renewable energy sources and techno-
economic parameters, such as the costs for building new infrastructure or
the price of CO2 certificates. This input data is then sampled and solved
by an optimization model named REMix, implemented in General Algebraic
Modeling System (GAMS), a widely used mathematical modeling language.
Explicit results are generated, regarding the distribution of energy sources,
the amount of total electricity generation per energy source, and the amount
of renewable electricity generation per energy source.
The explicit model results are used to establish baseline scenarios for the
nation wide renewable electricity supply.

Electricity supply scenarios

Note: In the following all variables concerning the electricity supply side
are taken w.r.t. to a singular scenario, i.e. singular result from the UNSEEN
framework. The describing index will be omitted within this section. This
includes the variables: αRE, ENat, ERE

Nat, and REShareComp

The next step of the investigation focuses on the results from the aforemen-
tioned UNSEEN framework, namely the total nation wide electricity supply
ENat for the forecast horizon, as given by the framework. For this purpose,
this value is assumed to be an equivalent predictor to the nation wide elec-
tricity supply in the observed periods. In turn, results derived from this
value are taken to be the main representative for future supply of electricity
markets available to all companies operating within a given nation, see "Net
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Figure 2: Flowchart to arrive at a nation wide electricity supply forecast. This computation
is based on the existing UNSEEN model, as described in section 2.1.2. This procedure is
divided into 4 steps.

electricity consumption" in tab. 1. It is important to mention here, that
these are not a model result but instead an assumed input variable which
has been sampled according to a normal distribution. The procedure to then
arrive at future renewable supply values is displayed in the flowchart fig. 2.
A total of 1985 scenarios are available, the procedure is conducted for each
one.
1. The total supply of electricity follows a normal distribution, see figure

Figure 3: Histogram displaying the sampled input parameters of the UNSEEN framework
for nation wide electricity supply. These results serve as a baseline to establish a future
supply with renewably produced electricity.

3. The original total power supply comprises all sources for electricity gen-
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eration, renewables and non-renewables.
The focus of this section is on the supply from renewable electricity sources
ERE

Nat. This amount is therefore calculated from the total amount of electricity
generation

ERE
Nat = αRE · ENat, (9)

according to a share αRE of renewable electricity sources.
2. αRE is given as a model output, its distinct values can be observed in

Figure 4: Histogram displaying the number of scenarios for nation wide share in renewable
electricity generation. These results serve as a baseline to establish a future supply with
renewably produced electricity.

figure 4.
3. The amount of renewable electricity sources ERE

Nat is then given by a
scenario wise multiplication of the two variables αRE and ENat.
4. The amount of renewable electricity supply as given by the share αRE

multiplied with the total electricity supply is displayed as a histogram for all
available scenarios in figure 5. These values constitute the baseline for the
renewable electricity supply.
With these considerations, the two aspects of supply and demand will now
be brought together in final evaluations, before turning to a localized view.

2.1.3 Riskmetric

With both the electricity consumption of a given company and the theoreti-
cally available nation wide supply of renewable electricity supply in the form
of different scenarios determined, it is now elaborated on how to bring both
sides together for a final comparison on a national level. This is achieved by a
down-scaling approach, i.e. down-scaling the nationwide supply per scenario
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Figure 5: Histogram displaying the absolute amount of UNSEEN model results for nation
wide renewable electricity generation ERE

Nat, as a result of multiplying the absolute amount
of electricity generation by the share of renewably generated electricity.

to the company level in a reasonable way. To ensure comparability, a theo-
retically available amount of future resources for the company is calculated.
As a representation an investigation of the share of a company’s electricity
consumption w.r.t. to the nation wide electricity consumption is conducted.
To put it simply: The share of electricity consumption w.r.t. to the nation
wide electricity consumption a company had in past years determines the
share of future nation wide supply it will receive. The choice for the case
studies is to analyze the share as of today in this context, i.e.

cutil =
DComp

T

ET
Nat

, (10)

where DComp
T is the last observed value of the company’s electricity demand

and ET
Nat is the last observed value of nation wide electricity supply. The

framework is highly sensitive to the choice made here. Ideally one can there-
fore individualize the downscaling approach based data at hand and in co-
operation with the companies. This is elaborated on in the improvements
section 3.4.
After this caveat the final evaluation to receive a national risk metric will

now be explained. The procedure for this is shown in the figure 6.
1. and 2. From the previous sections (2.1.2 and 2.1.1) the (forecast) val-
ues for the company’s electricity consumption, as well as electricity supply
related data on the national level are available.
3. Both datasets are utilized to conduct the aforementioned downscaling
approach. In this sense, the model of this thesis assigns the company a value
of the nation wide supply per scenario.

ERE
Comp = cutil · ERE

Nat (11)
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Figure 6: Flowchart on comparing national supply and company wide consumption, in-
cluding a scenario validation step. The procedure results in a final risk metric on national
level

Here ERE
Nat is the nation wide amount of renewable electricity supply, as in

section 2.1.1, cutil is the down-scaling share (which share is used depends
on the context, as described above) and ERE

Comp is the amount of renewable
electricity sources down-scaled to the company level for comparison.
4. With a renewable supply that is comparable to the company’s demand,
the scenarios can now be validated with the following comparison:
If

cutil · ERE
Nat ≥ DComp

FC , (12)

this scenario is considered a success and the company can fully provide itself
with renewable electricity, i.e. their share of renewable electricity is equal to
1.
Otherwise, if

cutil · ERE
Nat < DComp

FC , (13)

this scenario is considered to be a failure for the company and the company
can provide itself with renewable electricity to the same extent as the nation,
i.e. REShareComp = αRE.
5. With the REShare per scenario , i.e. the share to which extend a given
company can be supplied with renewable resources, one can calculate the
final risk metric:

RiskMetricNat = 1−

(
1

#Scens

( ∑
success Scens

1 +
∑

failure Scens

αRE

))
(14)
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It results in a number between 0 and 1. The result can be perceived as an
assessment of how secure the supply of renewable electricity is. Through
the interaction of successful as well as insufficient scenarios, a comprehensive
range of supply scenarios is mapped. The prediction of the company wide
consumption is of course subject to some assumptions and kept simple, but
for the demonstration of the methodology it still meets the requirements.

2.2 Site specific model

Note: In the following section 2.2, all variables concerning the electricity
supply side are taken w.r.t. to a singular scenario. The describing index will
be omitted within this section. This includes the variables: RESharegr, Egr,
ERE

gr and ERE
Site

After the nation wide investigation the next objective is a higher granularity
analysis, offering a range of applications for detailed analyses on the company
site level.
This localization is based on the existing UNSEEN framework. For the
purpose of available case studies the description and investigation is limited
to Germany. A model instance with higher granularity is employed here. The
focus is on higher resolution w.r.t. the electricity transmission grid. Germany
is split in geographic sub regions, where each one these contains a high-
voltage substation that exists to date. The framework evaluates localized
potentials for electricity generation. For the use-case at hand the relevant
aspects are the localization and the establishment of electricity generation
potentials split into energy carriers.

2.2.1 Local availability of renewables

The site specific investigation starts with explaining how one arrives at a
high resolution value for the electricity supply. The localization takes place
as follows:
1. Germany is split into a number of sub regions, as can be seen in figure
8. This split does not represent the geopolitical division of this nation, i.e.
the government level of counties. A connection between these geographical
division could in theory be established via a mapping, see 6.1.4
For each fragment/ geographical region of the division from figure 8 a quan-
titative result for the electricity generation potential for different energy car-
riers is given as an UNSEEN model framework result. In the table 3 these
energy carriers are listed. It is denoted whether they belong to the group of
renewable (RE) or non-renewable (FF, for fossil fuels) energy sources. Ad-
ditional classifications include the demand within the geographical region
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Figure 7: Flowchart to arrive at a localized renewable electricity availability, based on a
higher granularity instance of UNSEEN model results. This procedure is divided into 10
steps, as explained in section 2.2.1

(DE), export and import (EX), curtailment (CU) and transportation via
power transmission lines (Other).

2. A given company has one or multiple production sites. A single site
is given as a geographical coordinate, in the form of longitude and latitude,
analogous to the definition of the geographical region corners.
3. Therefore, each company site is located within a geographical region. The
localized availability of renewable electricity can in turn directly be deducted
from calculatable quantities, see eq. (15) in step 5., by mapping the company
site to a geographical region.
4. This consideration not only includes the geographical region in which the
company site is located, but all adjacent geographical regions as well.
5. For each geographical region one can in turn calculate the total amount
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Technology Classification
Biopower RE
Demand DE
Hydropower - Rivers RE
Lithium-ion battery RE
Photovoltaic RE
Wind - Onshore RE
High voltage AC transmission lines Other
High voltage DC transmission lines Other
Slack FF
Pump storages RE
Combined cycle gas turbine FF
Gasturbines - natural gas FF
Wind - Offshore RE
ST_Coal FF
Export to germany EX
ST_Lignite FF
Curtailment CU
Fuelimports EX

Table 3: Technology from UNSEEN framework results.
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Figure 8: On the left, the localized view of Germany divided into geographical regions.
On the right, as a first example, the geographical regions relevant to BMW ’s company site
in Berlin, see step 5. and onwards in figure 7 and section 2.2.1. The relevant geographical
regions are marked in green, the ones not considered are marked in grey. The company
site is shown in yellow.

of electricity generation potential Egr (the gr index signifies that this vari-
able is defined w.r.t. a single geographical sub region), the total amount of
renewable electricity generation ERE

gr and the share of renewable electricity
generation potential REsharegr

REsharegr =
ERE

gr

Egr

. (15)

These three quantities are used to establish a calculation for the localized
share of electricity generated from renewable energy sources for companies.
6. All considered geographic regions, adjacent and the one containing the
company site, are weighted. This is done to merge individual geographic re-
gions quantities into one. The weights are set as model parameters and sum
up to 1. They are set artificially: The weight of the geographic region con-
taining the site is set to be wgr,main = 0, 4, while all the bordering geographic
regions receive the weights

wgr,border =
0, 6

#georegs− 1
, (16)
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i.e. the remaining 0, 6 are evenly distributed between the bordering geo-
graphic regions.
7. Being set artificially, methodology to adjust the weights in useful. This
achieved by considering the in- and outflow of electricity across the geo-
graphic region borders. The weights are reevaluated as follows:
For every geographic region the amount of in- and outflowing electricity via
high voltage transmission lines EOther,FC

gr (see table 3, marked as "Other") is
evaluated. The transmission of electricity between geographical regions are
result outcomes of the UNSEEN framework. The weights are then recalcu-
lated via an activation function:

wgr = wgr ·

(
1− tanh

(
0, 2 ·

EOther,FC
gr

ERE
gr

))
. (17)

The factor 0, 2 is set artificially. The weights are also renormalized after this
step, s.t. they again add up to 1.
This approach is chosen so that transport of generated electricity in and
out of the considered geographic regions is depicted, since not all of the
electricity is consumed locally. The model at hand is a national model (see
2.1.2), that also generates localized results and in turn it makes sense to treat
it as such. Alternative approaches to this weight readjustment are possible,
see the improvements section.
8.-9. The main result of interest is the share of renewable electricity available
according to eq. (15), mapped from the considered geographic region down
to a final value representing the localized share for a company site. This is
then a weighted average of the share in geographic region containing the site
and all adjacent geographic regions.
10. The next step is to calculate calculate the localized site specific share
of renewable electricity supply per scenario

REshareScenSite =
∑

gr∈geo regs

wgr REsharegr, (18)

The geo regs considered here are the geographic region containing the site
and all bordering geographic regions. The REsharescenSite then stands as an
intermediate result for this section, before being investigated further in the
next.

2.2.2 Electricity consumption

In this section the discussion returns to the already calculated result from
eq. (8), namely the forecast of a company’s electricity consumption. The
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Figure 9: Flowchart to arrive at a company site specific electricity consumption forecast.
This procedure is divided into 4 steps, as explained in section 2.2.2

procedure to arrive at a company site specific electricity consumption fore-
cast is depicted in figure 9
1. The goal is to integrate the companies projected growth into the local-
ized model. For this every company site is attributed with a specific future
electricity consumption.
2. and see above This is based on the projection for the company as a
whole.
3. The simplest approach is to split the projection equally by the number
of a company’s sites within a country

DSite
FC =

1

#Sites
DComp

FC . (19)

This is the site specific electricity consumption for the case studies.
Other alternatives rely on higher data quality. This is elaborated on in the
improvements section, see 6.1.4.

2.2.3 Riskmetric

The goal here is to assert whether a scenario is suitable for the local consid-
eration, i.e. whether the company site’s electricity requirements are fulfilled
locally. If this not the case, it is assumed instead that the company sites can
only be provided with a share of renewables equivalent to the nation wide
supply. The procedure is depicted in figure 10
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Figure 10: Flowchart to arrive at the final localized site specific risk metric. This procedure
is divided into 10 steps, as explained in section 2.2.3

Analogously to the national scenario validation procedure, a methodology
is implemented to compare the site specific consumption forecast DSite

FC to a
theoretically available supply for the site.
1.-4. The site specific supply is established similarly to the site specific share
of renewable supply, using the total amount of electricity generation in each
surrounding geographic region ERE

gr , instead of the share of renewables. This
leads to the site specific renewable supply ERE

Site per scenario:

ERE
Site =

∑
gr∈geo regs

wgr E
RE
gr , (20)

where the weights wgr are the same as in eq. (17) and the sum is over all
geographic regions considered for the site.
5.-6. As mentioned in the introduction to this section, the goal here is to
assert the validity of each scenario. For this a comparison is drawn between
ERE

Site and DSite
FC : If

ERE
Site ≥ DSite

FC , (21)
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the scenarios local renewable share (1−REshareScenSite ) from eq. (18) is used
to calculate RiskMetricsite. Otherwise, if

ERE
Site < DSite

FC , (22)

the scenario is considered to be a failure for the company site and RiskMetricNat

is used in place of (1−REshareScenSite ), as seen in eq. (23). The model therefore
dynamically considers the company’s growth expectations on a local level. If
they exceed corresponding local limitations, the national riskmetric applies.
7.-10. The final result is the average over all failure and success scenarios,
s.t. the calculation for the final risk metric is:

RiskMetricsite =
1

#Scens

( ∑
success Scens

(1−REShareScenSite )

+
∑

failure Scens

RiskMetricNat

) (23)

It results in a number between 0 and 1. The result can be perceived as an as-
sessment of how insecure the supply of renewably produced electricity for spe-
cific company sites is, in analogy to the national riskmetric RiskMetricNat.
Further improvements are discussed in section6
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3 Case study - BMW

3.1 Economic background and sustainability goals

Sustainibility Goals

BMW Group is convinced of striving for firm sustainability goals. This is
reflected for example in their answers to the CDP questionnaire in 2021:
"The BMW Group is firmly convinced that the fight against climate change
and the responsible use of resources will determine the future of our society
– and thus also that of the BMW Group. [...] The BMW Group has a
direct influence on the carbon emissions generated at its own plants and
locations and has therefore been a leader in terms of resource efficiency in this
field for many years. Its underlying aspiration is even more ambitious than
the international pursuing efforts of limiting global warming to 1.5 degrees
celsius."(BMWGroup, 2021, [23] p.62) True to these statements, one sees a
steadily progressing development in associated variables, especially the EEI.
These facts make BMW an interesting candidate for the case studies in this
paper.

Company Data

All relevant company data is taken from the "Sustainable Value Report"’s
(SVRs) [22]. These reports are published on a yearly basis, dating back to
2002, and contain thorough information on BMW ’s performance in regard to
ESG-related topics. While only a fraction of the provided data is used, these
elaborations offer interesting insights on the company’s values, drivers for
decisions and climate neutrality developments. The additionally published
CDP Questionnaire’s contain further information [23]. The 2021 value elec-
tricity consumption is taken from this report.
Further notes:
The first SVR was published in 2002, the second one in 2004, the third one
in 2006. The 2003 and 2005 values for external electricity consumption are
therefore calculated by linear interpolation, same for the GVA values for 2003
and 2005.
The values given by the SVR’s are almost always in relation to the global
performance, i.e. the data refers to worldwide company data. Since national
values are required, they are scaled down employing the share of employees
working in Germany in 2021:

xNation,t =
eNat,T

eWorld,T

· xWorld,t. (24)
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Here xWorld,t is a given data point of BMW ’s worldwide statistics in year t,
eWorld,t is the number of worldwide employees in year t. eNation,t, the number
of employees in a particular nation, is broken down as part of the SVR’s
[22] and lacks availability for the years 2009 to 2016. This calculation is
conducted for all data series used here, namely the GVA and the electricity
consumption. The implications of this are discussed in section 3.5

3.2 Nation wide analysis

3.2.1 GVA and electricity consumption

GVA

BMW is an evergrowing company in german automotive sector with a long
history. Its development is reflected in analyses of the GVA, see figure 11.
One can see growth in comparison to the previous year for almost every
data point, with the only exceptions being in the years 2008-09 and 2019-
21, which may be due to worldwide economic crises, namely the 2007-2008
financial crisis and the corona pandemic, without going into further detail.
To forecast the GVA the methodology established by right. based on science
is employed, as described in 2.1.1. The GVA development is in turn modelled
via exponential growth. This growth factor r is retrieved from the calculation

r = T−t0

√
GV AT

GV A0

− 1 = 4, 24%, (25)

where T − t0 = 2021 − 2002 and GV AT and GV A0 are the first and last
available value from Tab. 34 respectively. The growth factor is utilized to
establish the assumption for a future GVA at time t = FC − t0

GV AFC = GV A0 · (1 + r)FC−t0 = 45679, 91mn. EUR (26)

Figure 11 displays how this model holds up against the real values, where
one can see deviations mostly due to missing functionality of considering the
collapse at the start of the Covid pandemic. This is explained more in later
sections. The value is multiplied by the regression result for the EEIFC .
This results in a forecast value for the company electricity consumption in
year t = FC.

Electricity consumption

In the figure 12 a plot w.r.t. BMW ’s historic electricity demands can be
seen, including a linear fit. The electricity consumption is steadly rising,
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Figure 11: BMW ’s GVA (in blue) against the years In green the forecast value for the
year t = FC is marked, as calculated in 26. The values for BMW ’s GVA are taken from
34.

which one may attribute to company growth.
According to the methodology from 2.1.1, a linear regression of the EEI is
conducted to receive a forecast value for BMW ’s electricity consumption. For
the context of this case study the company’s consumption Dt refers strictly to
the electricity supplied to the company from outside sources, i.e. electricity
bought from the market and fed into the in house grid (see 33, column "elec-
tricity external"). The values are taken directly from the aforementioned
SVRs. The regression is defined as

ˆEEIt = β̂1 · t+ β̂0, (27)

where EEIt =
Dt

GV At
depicts the regressand and the regressor is the absolute

years t, for which data is available, i.e. t ∈ [2002, 2021]. The regression result
is shown in figure 13. With the estimators plugged into eq. (27) one receives

ˆEEIt = −7, 1 · 10−7 GWh
year · tsd. EUR

· t+ 1, 4953 · 10−3 GWh
tsd. EUR

, (28)

The final result for the EEI in the year FC is therefore

EEIFC = 4, 14 · 10−5 GWh
tsd. EUR

(29)
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Figure 12: BMW ’s electricity consumption against the years, including a fit for the linear
trend. The values for BMW ’s electricity consumption are taken from 33 (column "elec-
tricity external")

With the previous result for the GVA forecast (see eq. (26)), the forecast for
the electricity consumption of BMW within the nation of Germany in the
year FC is

DComp
FC = EEIFC ·GV AFC = 1892, 71GWh (30)

3.2.2 Electricity supply

The values for future energy supply are taken directly from project results
calculated with the DLR model REMix in the project UNSEEN, referring
to section 2.1.2. Reiterating the central information from this chapter, the
electricity supply is given as an UNSEEN framework input variable sampled
from a normal distribution. The amount of electricity produced via renew-
able energy carriers is of main interest. The share of renewable electricity
for the model results is again distributed according to figure 4. For the total
amount of electricity from renewable sources see the histogram 5.

3.2.3 Riskmetric

In this section an intermediate step is conducted followed by a comparison
of the results for the theoretically available renewably produced electricity
with the forecast for the company wide demand. The intermediate step is
scaling down the national supply for comparability with the company using
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Figure 13: Linear regression for BMW ’s EEI, as defined in 47 the years in blue. The
forecast value as calculated in is marked in green.

the share of the company’s demand on the nation wide electricity supply. As
explained in section 2.1.3, the last available value cTComp = 0, 244% is used
to downscale the nation wide demand.
The according downscaled values are displayed in figure 14. For every sce-
nario result from the UNSEEN model a comparison is conducted as follows:

If
ERE

Nat · cTComp ≥ DComp
FC , (31)

this scenario is a success and the company can fully provide itself with re-
newable electricity, i.e. their share of renewable electricity is equal to 1.
Otherwise, if

ERE
Nat · cTComp < DComp

FC , (32)

this scenario is a failure for the company and the company can provide itself
with renewable electricity to the same extent as the nation, i.e. REShareComp =
αRE. Statistics on these evaluations can be found in table 4.
The national risk factor of BMW being able to supply all its german sites is
given as the scenario average:

RiskMetricNat = 1− 1

#Scens

( ∑
success Scens

1 +
∑

failure Scens

REshare

)
= 20, 19%

(33)
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Figure 14: Electricity supply theoretically available to BMW, downscaled from nation
wide supply. The values are given by EComp = cTComp · ERE

Nat

Identifier Data
Number of Scenarios 1985
Nat. wide comp. cons. forecast 1892,71 GWh
Average renew. supply for company 1239.96 GWh
Standard deviation 140.60 GWh
Number of failures 1985
Average renew. share for failures 79,81%

Table 4: Result overview for BMW ’s national analysis.

A full result data overview on the national analysis of BMW can be seen in
tab. 4. This result will be used further down the line as a benchmark result
to be compared to localized riskmetrics.

3.3 Local analysis

3.3.1 Local availability of renewables

Up next is the localized analysis of BMW ’s company sites. These are:
München, Dingolfing, Berlin, Leipzig, Landshut, Regensburg, Eisenach and
Wackersdorf. Their geographical coordinates can be seen in table 5. Follow-
ing the procedure as described in section 2.2.1, for each company site the
geographic regions containing and surrounding the site are established. This
number is displayed in table 5, see column "Num. of surrounding geographic
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Site Location Coordinates (Lon,Lat) Num. of surrounding
geographic regions

München 11.5753, 48.1371 7
Dingolfing 12.4977, 48.6300 5
Berlin 13.3888, 52.5170 6
Leipzig 12.3747, 51.3406 7
Landshut 12.1516, 48.5362 8
Regensburg 12.0974, 49.0195 6
Eisenach 10.3193, 50.9747 11
Wackersdorf 12.1938, 49.3123 6

Table 5: BMW company sites in Germany and their respective geographical coordinates

regions". In the Appendix (see fig 38 and following) one can find geographic
maps displaying the location of the main and the surrounding geographic
regions for each company. Data on all considered geographic regions can be
found in tabular form in [25].
Weights are assigned to the geographic regions, where

wgr,main = 0, 4 (34)

is given as the main weight for the geographic region in which the company
site is located and

wgr,border =
0, 6

#Sites− 1
(35)

for all geographic regions bordering on the main geographic region. The
weights are readjusted as described in section 2.2.1. The data to calculate
REsharegr =

ERE
gr

Egr
per geographic region is gathered and used to calculate

the intermediate result per scenario:

REshareScenSite =
∑

gr∈geo regs

wgr REsharegr (36)

The results are displayed in figure 15.

3.3.2 Electricity consumption

As described in section 2.2.2, the company’s nation wide electricity consump-
tion (eq. (30)) is distributed to all production sites.
No further information that could be used to tune this electricity demand
distribution to the sites is publicly available. This includes financial data
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Figure 15: Local results for REshareScen
Site per scenario and company site. This represents

the intermediate result for section 3.3.1.

(GVA, sales volume, etc.), production volumes, employees and building size.
The company wide electricity consumption is therefore split equally among
the sites:

DSite
FC =

DComp
FC

#Sites
= 236, 589GWh (37)

This result is used in the following section to evaluate scenario plausibility,
this time on a local level.

3.3.3 Riskmetric

A value for the renewable electricity supply theoretically available to each
company site is established next. The steps described in the following refer
to a singular site and are repeated to gather results for every site.
Each site is located within a geographic region, and has a number of sur-
rounding geographic regions. The renewable electricity generation ERE

Site,gr for
each surrounding geographic region is taken directly from the model. With
these values one can directly calculate the assumption of available renewable
electricity for a singular site ERE

Site:

ERE
Site =

∑
gr∈ geo regs

wgrE
RE
Site,gr, (38)

where the weights wgr are the same as the readjusted weights from section
3.3.1.
This value is used to evaluate how the localized demand side calculations
compare to the supply side calculations, i.e. a plausibility check for the
scenarios. It is conducted as described in 2.1.3: If

ERE
Site ≥ DSite

FC , (39)
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the scenarios local renewable share (1−REshareScenSite ) is employed to calculate
RiskMetricSite. Otherwise, if

ERE
Site < DSite

FC , (40)

this scenario is considered to be a failure for the company site. The nation
wide RiskMetricNat = 20, 19% is then assumed for this company site and
scenario. This may alter the result substantially, depending on the site.
Statistics on these analyses can found in the Appendix, see figure 37. In
a final step the local riskmetric is calculated from the share of renewable
electricity sources per scenario, local in case of scenario success or the national
riskmetric in case of scenario failure. The average over all scenarios is

RiskMetricsite =
1

#Scens

( ∑
success Scens

(1−REShareScenSite )

+
∑

failure Scens

RiskMetricNat

)
(41)

The riskfactors per company site of BMW can be taken from figure 16.

Figure 16: BMW - Final results for each company site, as calculated from 41

3.4 Sensitivty analysis

In this section a limited scope sensitivity analysis is conducted to evaluate
the model choices. This considers methodology for GVA forecasting and the
down-scaling of nation wide supply.

GVA forecasting

The fit to forecast the GVA for companies is established according to the
right. based on science approach (see sec. 2.1.1). An alternative is given
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by simply fitting the GVA GV At against the years t in a classic manner, i.e.

ˆGV At = β̂0 + β̂1 · (1 + r)t + β̂2 · t. (42)

This model still assumes exponential growth, but all parameters are fitted.
The fit is conducted for BMW to receive

GV At = 13, 19mn EUR + (1−4, 76·10−6)t · 0, 37mn EUR + t · 1, 16mn EUR
(43)

The resulting fit is displayed in figure 17. As can be seen from the figure, it is

Figure 17: BMW - GVA against the years. In blue historical values for available years, in
orange the forecast value for t = FC. In red an alternative regression fit according to eq.
(43).

equivalent to a linear fit. The final forecast result of GV AFC = 46142, 18mn
EUR is not notably different from the original result of 45679, 91mn EUR,
see eq 26. The alternative approach makes no qualitative difference for this
case study.

National downscaling

As mentioned in the respective sections (2.1.3, 3.2.3) the aspect of downscal-
ing nation wide supply to the company level within this framework under-
goes only superficial analysis. An in depth model to establish comparability
is conceivable. Different choices may be illustrated by a given narrative of
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a company’s development and are therefore context reliant. The choice of
the down-scaling approach is considered to be a model assumption, which is
ideally set case-by-case.
Within the case studies, the last available value for this share is used. Ex-
amplary values for different approaches will now be given, based on the data
available from BMW. In figure 18 the historical values for ctComp are dis-
played, with t ∈ [2002, 2021]. The last available value for BMW, which is
used throughout this thesis is given by cTComp = 0, 244%.

Historical values of the share - Mean Value
The average from all historical values displayed in figure 18 results in cavgComp =

0, 204% and is in turn around 20% less than the used value cTComp = 0, 244%

Future projection with linear fit

Figure 18: BMW - Share of electricity consumption w.r.t. nation wide consumption. In
blue: historical values for available years, including a linear fit. In orange: the value cTComp

used throughout this thesis. In yellow: a forecast value cFC
Comp = 0, 346%, as calculated

from the linear fit.

In figure 18 a linear fit for the historical values is displayed. Using this fit to
forecast a share for the year t = FC, one receives cFC

Comp = 0, 346%, which
is equal to around 140% of cTComp. Employing this value for the downscaling
approach reduces the amount of scenarios that fail down to 1399 from 1985.
Only 70% of the scenarios fail, instead of 100%. Tab. 6 displays a full result
data overview. See also fig. 19, where the cut-off point, i.e. the amount of
renewable electricity supply below which the scenarios fail, is displayed.
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Identifier Data
Number of Scenarios 1985
Nat. wide comp. cons. forecast 1892,718 GWh
Average renew. supply for company 1760,56 GWh
Standard deviation 199,63 GWh
Number of failures 1399
Average renew. share for failures 76,45%
Final riskmetric 16,59%

Table 6: Result overview for BMW ’s alternative national analysis. A different downscaling
share is employed here: cFC

Comp = 0, 346%

3.5 Result discussion

The topic of discussion is now whether the results for this case study are
reasonable within the context of this framework, starting with the national
result.

National values via share of employees

To receive national values, i.e. values to applied to a german analysis in the
context of this case study, the global values as given by the SVRs are scaled
down using the share of employees in Germany, see section 3.1. Equating
the share of the GVA generated and electricity consumed in Germany with
the share of employees is a consequential assumption. However, the data
is lacking any further insight regarding electricity consumption and GVA in
Germany. It is therefore necessary make this assumption for the conducted
case study.

EEI Decrease

The projected EEI decrease is reasonable considering that technological im-
provements are the main driver for such a development. BMW regularly
releases press reports ([22]) commenting on how they target every facet of
their business and try to improve in terms of energy efficiency. Whether the
assumed linear decrease is sustainable long-term or whether it is going to
converge remains to be seen.

Result Discussion - Country level

As the table 4 suggests, the national approach fails BMW for every scenario.
W.r.t. to the statistical analysis the discussions of the general model and can
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Figure 19: Final result histogram for BMW ’s nation wide analyses: Displayed are the
nation wide renewable electricity supplies for all scenarios. In red, scenarios for which
receive a failure as described in 3.2.3. In green the success scenarios are marked. This
leads to a clear cut-off point: Scenarios below a threshold fail, while the ones above the
threshold are a success. The scenarios are evaluated with an alternative downscaling
approach of cFC

Comp = 0, 346%

be found in sections sections 2.1.1 and 6.1.3.
The economical aspects remain to be analysed:
The data suggests a decrease in nation wide electricity supply from 674214GWh
[26] to an average renewable supply of 507554GWh in the year t = FC (see
fig. 3), i.e. a decrease down to 75%, of which 0, 244% are available to BMW,
same as in 2021.
On the other hand the forecast results in an increase in BMW ’s electric-
ity consumption from 1647, 11GWh in year 2021 to 1892, 71GWh in the
year t = FC, i.e. an increase of 14%. In light of this contrasting develop-
ment the results are thoroughly explainable and reasonable. In no UNSEEN
scenario enough renewable electricity is provided to cover the growth projec-
tions for BMW. On the contrary, the amount of renewable electricity supply
is decreasing compared to the total supply available in 2021. This restricts
growth projects, provided they are to be carried out using renewable re-
sources. The latter is in the interest of climate protection and is regulated
by legal provisions. This results in an unsolvable contradiction for the na-
tional investigation of the case study BMW.
Potential improvements, which may be sufficient to align the supply scenarios
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with the demand projections are discussed in section 6.

Result discussion - Local

Data for input parameters and values w.r.t. electricity supply are given by
the UNSEEN framework methodology and results. Detailed explanations
on the model are not feasible here and can be looked up in the respective
literature (Frey et. al, 2020, [21]).
A comparison of the localized results with the nation wide results shows in-
teresting trends.
Firstly, no scenario fails for any company sites, except for Berlin (figure 37).
This is attributed to the ambitious attribution of localized supply. For each
company site the weights of all considered geographic regions add up to 1, see
eq 17. One can think of the amount of theoretically available renewable sup-
ply per site ERE

Site as being equivalent to the theoretically available renewable
supply of a whole geographic region in terms of magnitude. In this analysis,
the whole supply within one of the 391 geographical regions is assigned to a
singular site, while there are more than 3 million companies registered nation
wide [27]. This is an insufficient consideration of the economical landscape
in Germany. The steps undertaken in this context are an attempt to make
the localized geographic region data comparable to company site data. For
this a mapping of the geographic regions to geopolitical entities and detailed
company data are necessities. Both of these aspects lie outside of the scope of
this thesis. A theoretical workflow is suggested, given these two procedures
can be implemented, in the improvements section 6.1.4.
Secondly, one can see high variances for the different company sites, not only
in terms of final riskmetrics, but also within the singular scenarios (figure 15)
(see also section 6.2.1). While this reflects on the wide range of UNSEEN
scenarios, a higher number of scenarios is desirable to ensure consistent end
results.
Thirdly, a comparison of the localized results per company site with the na-
tion wide company results leads to the following conclusions: For long-term
expansion plans of production three sites are highly desirable, namely Land-
shut, Wackersdorf and Regendsburg, with a riskmetric of7.17 %, 7.79 %,
and 9.70 %, respectively. Additionally, Dingolfing and Berlin posses a lower
riskmetric than the national average. However, these sites also show high
variances in singular scenario results w.r.t. REShareScenSite , which limit their
suitability for increased production reliant on renewable resources.
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4 Case study - WALA Heilmittel GmbH
Due to the nature of this framework and the case studies both the actual pro-
cedure for this case study as well as the discussion part show high similarities
and analogies w.r.t. to previously discussed case study for BMW.

4.1 Economic background and sustainability goals

Sustainability Goals

WALA’s commitment to sustainability is evident through its efforts to achieve
climate neutrality goals. Through implementation of eco-friendly practices
and adoption of renewable energy sources, the company has significantly
reduced its carbon footprint. By prioritizing sustainability at every level of
operation, the company shows its dedication to combatting climate change.
Official statements regarding this topic can be found in their "Environmental
Statement" (WALA, 2021, [24]).

Company Data

While WALA has supplied data for this research, the supplied data is also
publicly available. WALA as a economic entity conglomerates multiply com-
panies, with WALA Heilmittel GmbH being one of their subcompanies. The
data was provided on only this subcompany, which has one production site,
located in Bad Boll. Data series provided are electricity consumption, en-
ergy consumption, employees, turnover and gross value added. They range
in availability from 1991 to 2021. The GVA is an exception here, since its
collection started only in 2010.
Note: From this point onward any mention of WALA directly refers to the
subcompany WALA Heilmittel GmbH.

4.2 Nation wide analysis

4.2.1 GVA and electricity consumption

GVA

WALA as a company has shown interesting developments. It has managed
to establish itself as a company in the chemical industry sector, showing an
overall growth in GVA on average. The GVA development is dominated by 3
big jumps in 2011, 2013 and 2016. During these timeframes it is apparent that
prior expansion investments have paid of, be it in the number of employees,
production investments or electricity efficiency improvements, where one can
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Figure 20: WALA’s GVA (in blue) against the years. In green the forecast value for the
year FC is marked, as calculated in 45. The values for WALA’s GVA are taken from 45

see similar developments.
The forecast for the GVA is established using the methodology established
by right. based on science, as described in 2.1.1. The growth factor r is

r = T−t0

√
GV AT

GV A0

− 1 = 0, 284, (44)

where T − t0 = 2021 − 2010 and GV AT and GV A0 are the first and last
available value from Tab. 45 respectively. The forecast value for the GVA is
then given by

GV AFC = GV A0 · (1 + r)FC−t0 = 138095 tsd. EUR (45)

In figure 20 one can see how this model compares to the real values. The
exponential growth assumption deviates from the real values, slightly under-
cutting them. The outliers in the years 2015 and 2016, which show regression
in the GVA growth, are to be marked as cause for this. This forecast value
will be used in the framework to establish a value for WALA’s electricity
consumption in year t = FC.

Electricity consumption

WALA’s historic electricity demands are displayed in figure 21 including a
linear fit. Similar to the GVA, it is dominated by three major jumps, with
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Figure 21: WALA’s electricity consumption against the years, including a fit for the linear
trend. The values for WALA’s electricity consumption are shown in figure 45

the first one dating back to 2003.
As described in section 2.1.1, a linear regression is conducted to receive a
forecast value for WALA’s EEI. The regression is defined as

ˆEEIt = β̂1 · t+ β̂0, (46)

where EEIt =
Dt

GV At
depicts the regressand and the years t are the regres-

sor. The company’s consumption Dt and GVA (GV At) refer to the values
that have been supplied directly by the company, see 45, column "Stromver-
brauch" and "Gross value added", respectively. The regressor is given by the
years t. Since GVA is only available from 2010 onwards only 11 values (from
2010 to 2021) are available for the EEI. The regression results as a figure is
shown in 22. The received result for the EEI is

ˆEEIt = 1, 02 · 10−6 GWh
y · tsd. EUR

· t− 1, 988 · 10−3 GWh
tsd. EUR

, (47)

The EEI shows an increase of 1,02 10−6 GWh
tsd. EUR p.a. as determined from the

linear regression, indicating a rising trend. From this a forecast for the EEI
can be calculated as

EEIFC = 8, 24 · 10−5 GWh
tsd. EUR

(48)

With the previous result for the GVA forecast (see 45), WALA’s electricity
consumption within the nation Germany in the year t = FC is evaluated to
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Figure 22: Linear regression for WALA’s EEI, as defined in 47. The singular values for
given years is marked in blue. The forecast value as calculated in is marked in yellow.

be
DComp

FC = EEIFC ·GV AFC = 11, 42GWh (49)

This is a 55% increase from the 2021 value.

4.2.2 Electricity supply

The values for future electricity supply are taken directly from the DLR
framework UNSEEN, referring to section 2.1.2, where samples from a normal
distribution are given. In fig 4 the share of renewable electricity is displayed,
whereas the total amount of electricity with renewable sources can be seen
in the histogram 5.

4.2.3 Riskmetric

In this section the intermediate downscaling step is performed again, result-
ing in a theoretically available renewable electricity supply for the company
of this case study. The last available value for the company’s share of con-
sumption on the nation wide consumption cTComp = 0, 001073% is used for
this.
When now comparing the downscaled nation wide supply with the forecast
for the company’s consumption, the values considered are the nationwide
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supply ENat multiplied with the share cTComp, see figure 23 for the respec-
tive histogram. The next step is to conduct a comparison, according to the

Figure 23: Electricity supply theoretically available to WALA, downscaled from nation
wide supply. The values are given by EComp = cTComp · ERE

Nat

methodology described in section 2.1.3

If
ERE

Nat · cTComp ≥ DComp
FC , (50)

then the company can fully provide itself with renewable electricity, i.e. their
share of renewable electricity is equal to 1. This is then referred to as a success
scenario. Otherwise, if

ERE
Nat · cTComp < DComp

FC , (51)

this is considered a failure scenario. The company’s share of renewable
electricity for this scenario will be equivalent to the nation wide share, i.e.
REShareComp = αRE. Statistics on these evaluations can be found in table
8.
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Site Location Coordinates (Lon,Lat) Num. of surround-
ing geographic re-
gions

Bad Boll 9.5947, 48.6382 10

Table 7: WALA Heilmittel GmbH ’s company site in Germany, its respective geographical
coordinates and number of surrounding geographic regions.

The average over all scenarios then results in the national riskmetric, describ-
ing the risk of WALA being able to supply all its german sites :

RiskMetricNat = 1− 1

#Scens

( ∑
success Scens

1 +
∑

failure Scens

REshare

)
= 20, 19%

(52)
This result will be used further down the line as a benchmark result to be
compared to localized riskmetric.

4.3 Local analysis

4.3.1 Local availability of renewables

The localized analysis for WALA Heilmittel GmbH ’s company site in Bad
Boll is conducted next. Its geographical coordinates can be seen in tab. 7. A
graphical display of the companies location and all surrounding geographic
regions within Germany is shown in figure 24. Data for all geographical
regions considered can be found online in tabular form, including the total
amount renewably generated electricity, the total generated electricity and
the in-/outflow of electricity. See the citation [25] for this. Following the
procedure as described in section 2.2.1, weights are assigned to the geographic
regions, s.t.

wp,main = 0, 4 (53)

is given as the main weight for the geographic region in which the company
site is located and

wp,border =
0, 6

10− 1
(54)

for all geographic regions bordering on the main geographic region The
weights are readjusted depending on import and export of electricity with
transmission lines. The data to calculate REsharegr =

ERE
gr

Egr
per geographic

region is gathered and used to calculate the intermediate result per scenario:

REshareScenSite =
∑

gr∈geo regs

wgr REsharegr (55)
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Figure 24: Left: geographical representation of BadBoll as located within Germany. Right:
Zoom onto considered geographic regions, with the location the of company site marked
in yellow

The results are displayed in figure 25.

4.3.2 Electricity consumption

As described in section 2.2.2, a value for the company site specific consump-
tion forecast is to be established. Since there is only one company site avail-
able for this case study, the specific energy consumption DSite

FC forecast is
equivalent to the nation wide forecast from equation (49), i.e.

DSite
FC = 11, 42GWh (56)

4.3.3 Riskmetric

Referencing the localized DLR model described in section 2.2.3, the local
renewable electricity generation is analyzed to establish a value for the re-
newably generated electricity theoretically available to the company site in
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Figure 25: Local results for REshareScen
Site per scenario for Bad Boll company site. This

represents the intermediate result for section 4.3.1.

Bad Boll. The renewable generation ERE
Site,gr for each surrounding geographic

region is taken directly from the model. This allows for direct calculation of
the desired quantity ERE

Site:

ERE
Site =

∑
gr∈geo regs

wgrE
RE
Site,gr, (57)

where the weights wgr are the same as the readjusted weights from section
4.3.1.
With ESite calculated a plausibility check for the scenarios can be conducted.
Said plausibility check consists of a localized comparison between the con-
sumption side and supply side calculations, as described in 2.2.3: If

ERE
Site ≥ DSite

FC , (58)

the scenarios local share (1 − REshareScenSite ) will be used to calculate the
riskmetric. Else, if

ERE
Site < DSite

FC , (59)
the nation wide riskmetric RiskMetricNat = 20, 19% is considered for this
scenario. Statistics on these analyses can be found in the Appendix, see 47.
In a final step the calculation of the riskmetric from the share of renewable
electricity sources per scenario is conducted, with either (1−REShareScenSite ) in
case of scenario success or the national riskmetric in case of scenario failure.
The average over all scenarios is given by eq. (23) The result received from
averaging over all scenarios is

RiskMetric Bad Boll = 10, 57%. (60)

4.4 Result discussion

The topic of discussion is now whether the assumptions and results for this
case study are reasonable within the context of this framework, starting with
the national result.
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Identifier Data
Number of Scenarios 1985
Company wide consumption forecast 11,42 GWh
Average renew. supply for company 5,44 GWh
Std. Dev. 0,61 GWh
Number of failures 1985
Average renew. share for failures 79,81 %

Table 8: Result overview for WALA’s national analysis.

EEI Increase

The increasing trend for the EEI, as established in eq. (47), contradicts the
anticipated decrease attributed to expected technological advancements and
efficiency improvements. Additionally, the regression analysis shows high
variance with respect to the data points. The data series in electricity con-
sumption and GVA exhibit multiple jumps.
The limited number of data points may not fully capture the long-term pat-
terns and is subject to fluctuations, which negatively affect the regression
result.

WALA’s share on nation wide demand

The assumption on WALA’s future share of energy demand remains to be
discussed. This methodology is a central part of this framework. A sensi-
tivity analysis of this assumption conducted for BMW in the previous case
study shows how much of an influence the down-scaling approach has. Sim-
ilar deviations in with alternative approaches are expected for WALA.

Result discussion - Country level

As the table 8 suggests, the national approach fails WALA in every scenario.
The discussion now focuses on the reasonability of these observations within
the context of this framework, focusing on economic assumptions.
Several important aspects related to the data sets provided by the company
need to be considered in order to assess the analysis.
The data suggests a decrease in nation wide energy supply from 674214GWh
[26] to an average renewable supply of 507554GWh in the year t = FC (see
fig. 3) in t = FC, i.e. a decrease down to 75%. The share available to
WALA is limited to 0, 001073%.
The framework shows an increase in WALA’s energy consumption from
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7, 237GWh in year 2021 to 11, 42GWh in t = FC, i.e. an increase of more
than 55%. These contrasting developments lead to a contradiction in the
context of this framework. Growth projects, provided they are to be carried
out using renewable resources, can not be covered by the projected amount
of renewable electricity resources in any given scenarios. The resulting con-
tradiction stands as an examplary case study for misalignment of energy
consumption projections and scientific studies concerning supply scenarios.

Result discussion - Local

Investigation of REMix model results cannot be explained in detail here, see
reference Frey et. al, (2020, [21]) for elaborations.
The comparison of national and localized result offers interesting insights.
No scenario fails for the company site in Bad Boll (figure 47). This is again
attributed to the allocation of localized supply of localized supply, i.e. the
company site receiving an amount of renewable supply which is in magnitude
as high as the supply for a whole geographic region. An in depth analysis
is necessary to guarantee comparability, including a mapping of geopoliti-
cal entities to the assumed geographic regions. In the case of Bad Boll the
following information is relevant here: Bad Boll belongs to the "Landkreis"
of Göppingen, which contains 27 top companies ([30]). One may therefore
potentially only attribute a respective share of the resources from geographic
regions intersecting with Göppingen.
Still, there exists a noteable difference of 9, 62% between the localized and
nation wide riskmetric, which leads to the conclusion that the localized sup-
plication with renewable electricity for WALA Heilmittel GmbH ’s company
site in Bad Boll is more secure than than in the nation wide average. The
nation wide riskmetric is almost twice as high as the local riskmetric. WALA
should therefore aim to cover its future electricity demand with direct deliv-
ery agreements from local suppliers.
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5 Add-On: Benchmarking
In this section it is investigated how a company’s electricity intensity pre-
dictions hold up against its direct economic competitors in the form of its
respective sector. While forecasting sector electricity consumption and com-
paring this forecast to a companies consumption is an option, the intensities
allow for interpretation of efficient resource utilization, and are therefore of
higher interest.
The sector specific EEI development is established by determining the pa-
rameters of a regression model, that assigns a sector’s GVA to its electricity
consumption, in analogy to the company’s EEI regression model:

ˆEEI
Sec

t = β̂0 + β̂1 · t (61)

with a machine learning least-squares regression model. The company-
specific electricity intensity will then be compared to a sector-specific energy
intensity projection to complement a benchmark framework, similar to the
XDC-Model. Multiple different approaches of benchmarking the company
against the sector present themselves One can look at...

• ... the EEIs as of today,

• ... the EEIs as given by forecast/projection values,

• ... the EEI growth (change rate) between today and the forecast horizon
- compared by time developement,

• ... the values of the analytical derivative of the EEI between today and
the forecast horizon.

The choice here is to analyze the EEI and the difference quotient of the EEI
between today and the forecast horizon as follows: A first analysis considers
the EEI in its raw values to draw preliminary conclusions. Afterwards the
difference quotient is investigated year by year.

5.1 Benchmarking BMW against the automotive sector

5.1.1 Automotive sector - overview

The automotive sector plays a pivotal role in the german economy, contribut-
ing significantly to its growth, employment, and international competitive-
ness. As one of the leading global producers of automobiles, Germany has
established itself as a powerhouse in the automotive industry. The sector en-
compasses a wide range of activities, including vehicle manufacturing, parts
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production, research and development, and related services. With BMW be-
ing a key company among the industry’s global players the ability to stay
competitive is of highest importance. Efficiency plays a vital role here, not
only in the company’s production but also in products themselves being ef-
ficient in resource utilization. The focus of this investigation is on electricity
efficiency represented by the EEI as described in the prior section.
The data on the auotmotive sector is taken from Destatis ([28], [29]) and
displayed in the figures 36 and 35, with the 2021 value being interpolated for
comparability.

5.1.2 Comparison - EEI

Both the EEI’s for BMW and the automotive sector are displayed in figure 26.
Calculations show that, averaging over all available values, BMW ’s historic
EEI has been 39% of the sectors EEI. This ratio has increased to 55% in
2021. One can see that BMW ’s EEI has remained comparatively stagnant.
While smaller jumps occur, a particular trend is not noticeable. In contrast,
the sector shows a clear downward trend. In the observed periods, the EEI
has more than halved, with the linear trend suggesting an approach to a
third of the first observed value. This signals a remarkable improvement in
the sectors electricity efficiency. This stark difference in EEI changes and
development trends is attributed to BMW ’s overall low EEI, and, in turn,
high efficiency of value creation with energy usage. While the company
still prides itself in efficiency improvements (see 3.1), the effective gain has
little impacts on the EEI. It is important to note that the sectors shows
convergence and stagnation over the last 5 observed values, with the ratio
of EEIBMW

EEISector
remaining constant at around 55%. It is therefore reasonable

to assume that BMW keeps the competitive lead against the sector average
w.r.t. energy efficiency in the years to come.
Figure 27 underlines this further. It displays the difference quotient, i.e.

∆EEIt =
EEIt − EEIt−1

EEIt
. (62)

While BMW ’s development of the ∆EEIt is inconsistent, with values fluctu-
ating around 0, this solidifies its stagnation of the actual EEI, with the trend
being showing an increase. The whole sector shows improvements over the
years. The fluctuations over the last 5 years, similar to the ones for BMW
explain the stagnation in EEIBMW

EEISector
.
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Figure 26: The EEI of BMW in green and the german automotive sector in red. This
comparative view is used to benchmark the electricity efficiency performance of BMW
against its respective sector.

5.2 Benchmarking WALA against the chemical indus-
tries sector

5.2.1 Chemical industries sector - overview

The chemical industries sector plays a vital role in the German economy,
serving as a cornerstone of its industrial landscape and contributing signifi-
cantly to economic growth, employment, innovation, and international trade.
Germany has long been recognized as a global leader in chemical production,
boasting a diverse range of sub-sectors including basic chemicals, specialty
chemicals, pharmaceuticals, and plastics. While WALA Heilmittel GmbH is
a comparatively small company within this industry its energy policies and
related performance is remarkable compared to the sectoral average, as will
be discussed in the following. The data on the chemical industries sector is
taken from Destatis ( [28], [29]), with the 2021 value being interpolated for
comparability.

5.2.2 Comparison - EEI

Both the EEI’s for WALA and the chemical industries sector are displayed
in figure 28. One directly sees that the two data sets are barely comparable.
The sectors average is around 1,5 magnitudes higher than WALA’s EEI. This
is due to the aforementioned wide variety of products and services within the
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Figure 27: Difference quotient of the EEI’s as defined in eq. (62) for BMW in green and
the german automotive sector in red.

chemical industry sector. WALA provides products with comparatively low
energy cost in production. On the contrary many competitors specialize in
production processes with high energy intensity. These data series are there-
fore of limited interest and provide few insights.
The difference quotient according to eq. (62) paints a different picture wor-
thy of investigation, see figure 29: From these graphs both EEI developments
seem very comparable. They show similar trends, with both data series fluc-
tuating around the 0-mark. The data suggests, that over the years neither
the sector nor WALA were able to establish lasting energy efficiency im-
provements, that were not upended by a counteracting development in latter
years. Still, the sector has taken more actionable steps. Almost all data
points lie below the 0-mark, which means at least minor improvements every
year. Multiple outliers suggest bigger improvements in these periods (2015,
2016 and 2020). While WALA shows two big outliers in 2012 and 2021, the
majority of data points lie above the 0-mark, which equates to higher elec-
tricity consumption per value added.
The sector average and WALA remain difficult to compare. The EEI is sepa-
rated by magnitudes due to the difference in provided services and products.
The change rate of the EEI suggest a better performance in EEI-improvement
by the sector, if only slightly.
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Figure 28: The EEI of WALA in green and the german chemical industries sector in red.
The y-scale is logarithmic.

Figure 29: Difference quotient of the EEI’s as defined in eq. (62) for WALA in green and
the german chemical industries sector in red.
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6 Model Improvements and Discussion

6.1 Improvements

This section focuses on possible improvements of the framework established
in this thesis and how they fit into the state-of-the-art scientific context.
The first aspect to be discussed is an investigation and possible variations
of statistical approaches used throughout this thesis. The second topic is
improving interactions of the company specific forecast with the UNSEEN
framework results.

6.1.1 Regression model variations

Due to certain downsides of the linear regression model used throughout
this thesis, this section discusses alternatives. The simplicity is also the
model’s main pitfall. Modelling expected macroeconomic effects, such as a
convergence of electricity consumption w.r.t. economic growth, is strictly
not possible. This is a generally expected effect in modern day technological
landscapes, as described in 1.3.1, referring to Erdmann and Zweifel (2010,
[4], p.92ff).

Logarithmic model

ŷ = β̂0 + β̂3 · x+ β̂1 ln (β̂2 · x), (63)

It allows for consistent comparison and forecasting of appropriate data. This
non-linear regression model offers notable advantages, i.e. the capability to
depict non-linear growth when necessary. With the additional introduction
of a difference of logs (∆ ln) this model can used as a general approach for
time series models. Potential drawbacks associated lie in the introduction of
additional complexity into the analysis process.

Exponential model

ŷ = β̂0 + β̂3 · x+ β̂1 exp
{
(β̂2 · x)

}
, (64)

For the exponential model one significant advantage is its ability to model the
expected convergence property for the Energy Efficiency Index (EEI). It has
the potential to provide insights into the macroeconomic effects associated
with energy systems. Drawbacks lie again within the added complexity.
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Quadratic model

ŷ = β̂0 + β̂2 · x+ β̂1x
2 (65)

The quadratic model offers similar advantages as the exponential model, be-
ing able to model the expected convergence property for the Energy Efficiency
Index (EEI) and incorporating both non-linear and linear growth patterns.
Despite this advantage, this non-linear regression model remain relatively
simplistic in its approach. The main downside for this model is that limit
may be nonsensical. If β̂1 < 0 then the limit is ∝ −∞.

6.1.2 Analytical function for nation wide supply

The national supply of electricity, as given by the UNSEEN framework is
sampled from a normal distribution. From the respective fit (fig. 31) one
can see that

ENat ∼ N (635951, 28; 4982, 91) (66)

Figure 30: Histogram displaying the density function of UNSEEN framework result for
nation wide electricity supply. Additionally, a normal distribution has been fitted onto the
values. The y-axis is therefore scaled down to represent a density. These results can be
used to establish an analytical density function for the nation wide renewable electricity
supply.

For the purpose of an analytical investigation of the renewable supply, a
Burr-distribution is fitted on the histogram of αRE, which results in

αRE ∼ Burr(160, 49; 0, 084), (67)

and therefore

ERE
Nat ∼ N (635951, 28; 4982, 91) ·Burr(160, 49; 0, 084), (68)
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Figure 31: Histogram displaying the density function of UNSEEN model result for nation
wide αRE , i.e. the share of renewable electricity. Additionally, a Burr-distribution has
been fitted onto the values. The y-axis is therefore scaled down to represent a density.
These results can be used to establish an analytical density function for the nation wide
renewable electricity supply.

The implementation of a continuous supply distribution can be used to sam-
ple further values for the supply of renewable electricity. The amount of
nation wide scenarios can therefore be scaled up as desired. A similar distri-
bution can be established for the localized scenario results, enabling scenario
scaling on a local level. Alternatively one can directly replace the scenario
values by continuous functions.
This further underlines this frameworks results to be used as probabilistic
company KPIs. They may be used in analogy or addition to other supply
risk assessment methodology like the VaR for energy management (Goebel,
(2007) [6] p.212-215).

6.1.3 Alternatives to the regression model

For this thesis forecasts are established utilizing regression models, whereas
other choices present themselves. Methodology to incorporate advanced
models into energy consumption forecasting has been proven to be feasi-
ble in different research:
Hadjout et al. (2021, [31]), Mirsoltan and Akhavan (2013, [32]) and Wang et
al. (2018, [33]) apply deep learning networks to the different industry sectors
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in Algeria, Iran and China.
Da Silva et al. (2019, [20]) and Firsova et al. (2019, [34]) show how time
series models such as ARIMA models and probabilistic approaches can be
applied to the topic.
The common denominator is high data quality in longevity and accuracy
due to public data sets released by official institutes or research groups. This
stands in stark contrast to data sets available for the case studies of this
thesis.
The scope of application in this thesis is limited and simplistic models for a
robust framework are chosen. Bad data quality (i.e. annual data, low gran-
ularity, generally small data sets) allows only for simple regression models
(such as linear regression algorithms) to be robust, while high data quality
may allow for the implementation of time series forecasting algorithms used
in scientific approaches, such as ARIMA models or more complex machine
learning models (neural networks, etc.).
More complex models offer a deep insight into electricity market mechanics
and how this affects the company. Different models may also offer further
relevant results and be usable for applications (variational analysis, Monte-
Carlo-simulations, etc.), which are strictly not considered in this research.
Generally speaking the best solution for developing a model to forecast a
company’s financial and energy related KPIs is to establish such a model
with the company itself. This also includes the choice of data series to be
used as inputs, which is left out of the discussion for the reason of lacking
communication with the case study companies.

6.1.4 Localization improvements

Site consumption split

The site specific consumption (see 2.2.2) can be optimized further. This re-
quires higher data quality, i.e. site specific values on GVA and electricity
consumption. The consumption is then ideally established by site specific
forecasting, instead of splitting the company wide forecast equivalently be-
tween the site. Another simplistic alternative is a an alignment of the split
with the company’s site-specific development plans or establishing a partition
of the consumption forecast which is in line with the today’s split between
the sites:

DSite
FC =

DSite
T

DComp
T

DComp
FC . (69)
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Mapping of geographic regions to geopolitical entities

For the theoretical improvement of accurately downscaling local UNSEEN
results to the company site level a mapping of geographic region coordinates
to geopolitical entities (In Germany: government level of "Landkreise") can
be of use. If one can establish how much electricity has been consumed pre-
viously within these entities one could determine how this amount compares
to the renewable supply given by the UNSEEN framework results, and draw
conclusions w.r.t. to future developments by mapping the geographic regions
accordingly. This in turn directly sets the boundary conditions for localized
growth expectations for company sites.
In the following an examplary discussion will be conducted: Assume a map-
ping of geographic regions to such governmental entities is established. The
data on local electricity consumption is known, (see p.e. [35] for WALA’s
company site in BadBoll ). The data for future renewable electricity supply
is given by the REMix model results for the mapped geographic region. As-
sume a decrease of 20% between the two values.
If a company plans to increase its GVA without reduction in EEI these val-
ues are again contradictory.
The localized comparison in this scenario directly considers localized geopo-
litical electricity infrastructure and relates it to the company’s demand. Ad-
ditionally, governmental data offers in depth differentiation in terms of sector,
energy usage, etc. This enables a wider range of possible analyses (bench-
marking, sectoral development), also in the context of the previous discussion
in nation wide downscaling.

In- and outflow improvement

Equation (17) describes how the weights for considered geographic regions
per site are readjusted, using data w.r.t. to the in- and outflow of electricity
over geographic region borders. A theoretical improvement in this regard
could be constructed as follows:
In the result files from the UNSEEN framework data is available on direct in-
and outflow from one geographic region to another. This information can be
used to restructure the geographic region weight adjustment, s.t. it does not
simply just consider the total in- and outflow. Instead one inserts into eq.
(17) the inflow from the bordering geographic regions into main geographic
region, with the the outflow out of the main geographic region subtracted.
This would ensure a more accurate representation of the role the electricity
generation in the bordering geographic regions plays for the main geographic
region and in turn the company site.
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Figure 32: Overview of UNSEEN framework parameters for the five local scenarios, that
where investigated in the local analysis of the case studies. The parameters are given
as input data for the UNSEEN framework and are used as targets for the optimization
model. Displayed are the total amount of CO2 emission per year in metric tons and the
annual demand of electricity in GWh.

6.2 Further Discussion

6.2.1 Local scenario investigation

As mentioned throughout the thesis specific aspects of the UNSEEN frame-
work necessary for detailed understanding of the causalities leading to the
different scenario results is out-of-scope for this research. However, a general
overview over the central parameters for the investigated local scenarios can
be given. While this does not offer insights into the overall results for singu-
lar company sites, it enables a better understanding of the variances between
the scenarios.

In figure 32 the input parameters "Amount CO2" (total amount of CO2

emission per year in metric tons) and "Annual Demand" (annual demand
of electricity, equivalent to nation wide supply, in GWh) are displayed per
scenario. While a lower amount of overall supply may directly result in a
lower amount of renewable supply, there is no notable difference in the total
supply. On the other hand the total amount of CO2 emission shows a higher
variance. A comparison between scenario 0 and scenario 3 leads to the
conclusion:
Both have similar values in "Annual Demand", the amount of that has to
be met by the national electricity generation. In scenario 0 the parameter
"Amount CO2" has a higher value. Therefore more CO2 can be emitted
in electricity generation to meet the goal given by the "Annual Demand"
parameter. In turn, less renewable electricity is generated. The overall share
REShareNat =

ERE
Nat

ENat
is therefore lower than in scenario 3. This directly

reflects on the REShareSite’s for scenario 0 compared to scenario 3, which
are lower for all company sites, as seen in fig. 15 and fig. 25.
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6.2.2 Internal considerations for companies

Both the datasets for company data (BMW SVRs and WALA "Environmen-
tal Statements") as well as the national electricity supply (UNSEEN frame-
work) are given beforehand. Their extensivity and accuracy is investigated in
this research, but the actual data quality remains outside of the researcher’s
control. Consequently, mitigating potential biases or inaccuracies resulting
from these limitations is hindered. Of particular significance is the need for
a higher quality and larger dataset for variables such as Gross Value Added
(GVA) and electricity usage per value added. The data sets for GVA’s are
excessively short, which has a profound impact on further analyses.
The additional consideration of companies having preexisting entry points
into the renewable energy market is out of scope for this thesis. With con-
nections to direct suppliers a company can hedge itself against renewable
supply shortages beforehand. Relevant information has to be provided by
the company.
The case studies for the framework of this thesis are therefore ideally under-
taken in direct cooperation with the companies. In this context right. aided
with establishing and guiding exchanges with company representatives. The
companies with which cooperation was considered are

• Porsche AG,

• Rolls Royce Power Systems,

• WALA Heilmittel GmbH,

• GFT Technologies SE,

• LaBiosthétique,

• BASF,

• Viessmann

Many of these companies have in-house teams working on similar questions
and in turn see no value added in the work of this thesis. Unfortunately, no
data was made available over the course of this research. The case studies
therefore rely on publicly available data.

Microgrids

Preexisting infrastructure within the electricity market can be given by a
microgrid. Literature in this aspect focuses on small scale electricity supply
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to the point of autonomy for the economic entities that are a part of the
grid system. Research on microgrids is also adapted to represent fully cli-
mate neutral electricity production(García et al. 2019, [36]). Solutions like
these are options for companies if the preceding step of establishing renew-
able over the public grid has failed. This therefore falls into the category
of executive energy management decisions as discussed in the introductory
literature section.

Rüdiger-Bachmann model

During the development of the war between Russia and Ukraine, Germany’s
dependency on russian gas was of high interest for economical research. Con-
cepts and models that had been established in different context were refined
and reapplied to investigate potential consequences of a gas supply shortage
due to the political situation. Of particular interest is the model considered
by Bachmann et al. (2022, [37]), based on the original work by Baqaee and
Farhi (2019, [38]). It offers a framework for estimation of socio-economic
effects due to resource shortages, among other factors. With a wholistic ap-
proach the model covers a broad range of possible applications to similar
research questions and may therefore also be applied to the question of this
research thesis. However, the task of employing a modified version of this
model to evaluate site specific supply risks for single companies is beyond
the scope of this thesis and has been omitted here. It may be integrated into
the company’s response strategy in the case of high supply risk.
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7 Conclusion
The risk assessment model for renewable energy supply developed for com-
panies offers throughout functionality in forecasting company electricity con-
sumption and financial data. By relying on key performance indicators such
as the EEI, Gross Value Added, and the calculated electricity consumption
derived from GVA and EEI, the model provides reliable forecasts. These
forecasts are based on analytical software solutions that have been devel-
oped, tested, and established using real-world data, see the right based on
science XDC-metric. Furthermore, the model encapsulates a state-of-the-
art framework for evaluating the future German electricity supply landscape,
namely the UNSEEN framework. It incorporates both a nationwide model
and a localized model, ensuring a comprehensive understanding in different
detailing.
The nationwide analysis contains optimization results for total electricity
generation, renewable electricity generation and the share of renewable en-
ergy sources at a national level, employing statistical analysis and a scenario
based approach.
The localized model treats Germany as a conglomeration of 300+ geographic
regions, allowing for a detailed analysis of electricity generation information
per geographic region. By bringing together consumption and supply as-
pects, the risk assessment model provides a holistic evaluation. It undergoes
scenario validation to ensure alignment with company specific consumption
patterns, enhancing the relevance and applicability of the results. Finally,
the model establishes a risk metric that serves as a representative measure
for assessing the potential insufficiency of renewable energy supply.
This model aids companies in mitigating risks, optimizing energy utilization,
and embracing a sustainable future.
The scenario studies offer deeper insights into applicability on the company
level.
For BMW the result comprises of the company’s energy consumption and
associated risks. The analysis reveals several key findings. The nationwide
consumption forecast for BMW indicates a projected increase of 14 % from
2021, with a total estimated consumption of 1892.71 GWh. However, the
calculated nationwide risk metric of 20.19 % highlights potential challenges
in meeting renewable supply availability. Model assumptions contributing
to this specific result include the assumed growth in GVA and the down-
scaling approach for the nationwide supply to the company level. On the
localized level, the results suggest alternative conclusions. Specific BMW
company sites of high interest, such as Landshut, Wackersdorf, and Regens-
burg, exhibit substantially lower riskmetrics of 7.17 %, 7.79 %, and 9.70 %
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respectively. These localized risk metrics suggest expansion plans should be
carried out at these sites.
These findings underscore the importance of site specific strategies in the
integration of renewable energy sources to achieve sustainable growth for
BMW.

The second case study, that of WALA Heilmittel GmbH, shows equally inter-
esting results. The nationwide consumption forecast projects a total of 11,42
GWh, representing a substantial 55 % increase from 2021. The calculated
nationwide risk metric stands at 20,19 %, primarily driven by the increasing
trend in EEI and the downscaling approach employed in the analysis.
From the localized analysis the company site in Bad Boll exhibits a reduced
risk metric of 10,57 %. This finding suggests a potential incentive for WALA
to establish local electricity delivery contracts at this site. Therefore, strate-
gically establishing such contracts can mitigate potential risks and ensure a
more reliable renewable electricity supply for the company’s future opera-
tions.
Several key areas remain to be improved upon, including enhancing the re-
gression model and data series used for forecasting company consumption, re-
fining the downscaling of nationwide supply, accurately mapping geographic
regions to geopolitical entities, and further investigation of interdependencies
in terms of regional electricity transfer. With the already established func-
tionality and the proposed theoretical improvements, this framework serves
as a tool for assessing and mitigating risks associated with renewable energy
supply. It enables companies to make choices regarding their energy sources,
specifically in determining whether to rely on local supply contracts or opt
for the free market alternative, and in turn contribute to a sustainable and
climate-friendly future with informed decisions.
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9 Appendix

9.1 BMW - Tables, Figures and Data

Figure 33: BMW - Data overview, 2002-2021, including energy consumption, electricity
consumption (divided into inhouse production and external sources), employees (divided
into german employees and non-german employees). Taken from [22]

9.2 WALA - Tables, Figures and Data
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Figure 34: BMW - Data overview GVA, 2002-2021. Taken from [22] and [23].
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Figure 35: Automotive Sector - Data overview electricity consumption in different mea-
sures, all values in MWh, 2008-2021. Taken from [29]

Figure 36: Automotive Sector - Data overview GVA, all values in bn. EUR, 1991-2021.
Taken from [28]
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Figure 37: Overview of localized scenario validation results for BMW ’s company sites, see
section 3.3.3. A 0 represents scenario success, a 1 stands for failure. Only Berlin shows
scenario failures, in stark contrast to the national results.

Figure 38: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Dingolfing. The
relevant geographical regions are marked in green, the ones not considered are marked in
grey. The company site is shown in yellow.
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Figure 39: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Eisenach. The
relevant geographical regions are marked in green, the ones not considered are marked in
grey. The company site is shown in yellow.

Figure 40: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Landshut. The
relevant geographical regions are marked in green, the ones not considered are marked in
grey. The company site is shown in yellow.
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Figure 41: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Leipzig. The
relevant geographical regions are marked in green, the ones not considered are marked in
grey. The company site is shown in yellow.

Figure 42: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Munich. The
relevant geographical regions are marked in green, the ones not considered are marked in
grey. The company site is shown in yellow.
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Figure 43: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Regensburg.
The relevant geographical regions are marked in green, the ones not considered are marked
in grey. The company site is shown in yellow.

Figure 44: On the left, the localized view of Germany divided into geographical regions.
On the right the geographical regions relevant to BMW ’s company site in Wackersdorf.
The relevant geographical regions are marked in green, the ones not considered are marked
in grey. The company site is shown in yellow.
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Figure 45: WALA - Data overview, 1998-2021, including Energy consumption, electricity
consumption, Employees, Turnover and GVA. This data has been provided directly from
inhouse sources.

Figure 46: Share of renewably produced electricity for WALA’s company site in Bad Ball.
Overview for all considered geographic regions per Scenario.

Figure 47: Overview of localized scenario validation results for WALA’s company site in
Bad Boll, see section 4.3.3. A 0 represents scenario success, a 1 stands for failure. No
scenarios fail.
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