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Abstract — Developing strategies to deal with the
challenges of the energy system transition requires a
detailed understanding of electricity demand with a
high regional resolution. From a methodological point
of view, some concepts have been developed in recent
years to map national electricity demand on a district,
municipality or even grid node level. In principle,
these approaches distribute national electricity de-
mand based on relatively simplified indicators (e.g.
electricity demand per gross domestic product). These
methods, however, ignore the structural composition
of the demand in terms of sectoral and technological
heterogeneity.

This study aims to contribute to this research field by
developing a new approach to allocate national elec-
tricity demand at a district/municipality level distin-
guished by demand side sector and technology, while
taking structural change over time into account.

To benchmark the concept developed, a case study is
conducted that compares the results to the findings of
a conventional approach based on simplified distribu-
tion keys for Germany up to 2035. The analysis re-
veals that a missing level of granularity in terms of
the structural composition of electricity demand can
lead to systematically different conclusions, for in-
stance, in some of the larger cities.
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regional demand, structural change, simulation

I.  INTRODUCTION

The transformation of the energy system is accompa-
nied by increasingly decentralised power generation,
more demand for local flexibility and an expansion of
the power grid. Energy system analysis on a spatial
highly resolved level is necessary for the planning of
this transformation process. This can be provided for
through a so-called regionalisation approach. Region-
alisation in this context refers to the allocation of
information/data to different regions of a territory,
whereby regions are geographically defined units.

The focus of discussion in recent years, concerning
spatial resolution, has been on the supply side of the
energy system, while the demand side has received
much less attention. However, some concepts that
break down electricity demand from a national level
to smaller regional units have been developed (e.g.
[Hinz et al., 2014; Robinius et al., 2014]). In princi-
ple, these approaches are based on relatively simpli-
fied distribution keys (e.g. electricity demand per
gross domestic product). Structural composition in
terms of sectoral and technological heterogeneity has
tended to be neglected.

This study aims to contribute to this research field by
developing a new approach to break down national
electricity demand on a district (NUTS 3) respectively
municipality level (LAU 2), concentrating on demand
side sector and technological composition. The objec-
tive is to take the established energy demand model
FORECAST! and distribute its electricity demand on
a regional basis, according to sectoral and technologi-
cal heterogeneity. This allows for a more consistent
modelling of the distribution of electricity demand to
regional units and an improved consideration of struc-
tural change.

The remainder of this study is structured as follows.
First, an overview of alternative levels that can be
analysed in a regionalisation study is provided, giving
a discussion on existing regionalisation approaches
(section I1). Then the newly developed regionalisation
approach for electricity demand is presented (sec-
tion I11). In the following, the developed regionalisa-
tion approach is applied and compared to a conven-
tional approach of electricity distribution within a
case study for Germany up until 2035 (section V).
Finally, the approach is critically reflected and an
outlook is provided (section V).

! FORECAST is a modelling platform that captures the
final energy demand of the industry, residential, tertiary,
transport and agriculture sectors for the EU 28+3 (3: Nor-
way, Switzerland, Turkey) by country [Fraunhofer ISlI,
2015].



Il. EXISTING REGIONALISATION AP-
PROACHES

A. Overview of alternative regionalisation levels

Regionalisation approaches require data with some
kind of regional reference, i.e. a connection to geo-
graphical information such as coordinates or spatially
defined units. In energy system modelling, the choice
of regional units mainly depends on data availability
and on the research question. Detailed energy demand
models, like the one used in this study (see section
I11.B), require a comprehensive level of structural
data that is usually available for administrative re-
gions. These regions, however, differ for each country
and exist at various local levels. The two relevant
classifications for Germany are described within the
following paragraphs.

In the European Union (EU) the basis for the official
regional statistics is the regional classification NUTS
(Nomenclature des unités territoriales statistiques) —
the nomenclature of statistical territorial units [Helm-
cke, 2008].? In the NUTS classification, each member
state is divided into three levels: NUTS 1 regions are
divided into NUTS 2 regions, which are then further
divided into NUTS 3 regions. In Germany the federal
states (Ger.: Bundeslander) form the NUTS 1 level,
the government regions (Ger.: Regierungsbezirke), or
equivalent, represent the NUTS 2 level and districts
(Ger.: Kreise) form the NUTS 3 level.

Besides the regional NUTS classification, the EU
administration identifies a subordinate local level
classified by LAU (Local administrative units). In
Germany, collective municipalities (Ger.: Verwal-
tungsgemeinschaften) form the LAU 1 level and mu-
nicipalities (Ger.. Gemeinden) the LAU 2 level. Table
2 lists the number of NUTS and LAU units for Ger-
many [Helmcke, 2008]. As the NUTS 3 and LAU
classification lies in the hands of the federal states,
the subdivision of the states is not uniform. Also, due
to administrative reforms the number of units in the
aforementioned classifications changes considerably
over the years.

The official German regional statistics are based on a
classification that uses a so called ’Regionalis-
ierungsschlussel (RS) (Ger.)’, which consists of 2 to
12 digits and is compatible with the EU classifica-
tions NUTS and LAU. Table 1 illustrates the relation-
ship between the classifications in Germany using the

2 An important criterion for the formation of regions in
NUTS was the consideration of pre-existing administrative
units in the EU member states. This connection to adminis-
trative entities should allow for a stable provision of offi-
cial data over time.

example of the municipality of Werbach in the state
of Baden-Wadirttemberg.

Table 1: Overview of classifications in Germany

Structure of the ‘Regionalisierungsschlissel’
RS: | 08 | 1 | 28 |o0804]| 128 |

Equivalent to the EU classification
Level: \ NUTS1 \ NUTS2 \ NUTS3 \ LAU 1 \ LAU 2 |

Besides administrative regions, further regional refer-
ences are applied in energy system models: data that
are available at a highly resolved level, like weather
or land use data, can be allocated, for example, to a
coordinate grid as in [Scholz, 2012]. Here lines of
constant latitude and longitude evenly span a geo-
graphical grid over the earth’ surface and relevant
data can be connected to the resulting grid cells with-
out considering any national borders. In other cases
the regional reference is provided by grid nodes or
distribution grid areas (e.g. [Consentec and IAEW,
2012]) and sometimes the consideration of settlement
structures can provide additional information [Blesl et
al., 2008].

The regionalisation levels introduced are used, in
isolation or in combination with the existing region-
alisation approaches discussed in section I1.B.

B. Literature review

The following literature review focuses on the region-
alisation of energy demand. Studies focussing solely
on energy generation or distribution are not consid-
ered here. An overview of the analysed studies can be
found in Table 3.

The review indicates that regionalisation approaches
in model-based studies are applied largely on the de-
tailed analysis of electricity generation. Examples
include the assessment of regional potentials for the
development of renewable energies or questions on
energy distribution. The regional distribution of en-
ergy demand plays a role, especially in the latter case,
but is only marginally addressed. This is the case, for
instance, in the grid studies in [Agricola et al., 2012;
Zhou and Bialek, 2005; Consentec and IAEW, 2012]
and in a study analysing the development of grid
charges [Hinz et al., 2014]. According to the discus-
sion in these studies, they primarily use population
(POP) and gross domestic product (GDP) data in the
required granularity to break the electricity demand
down to a regional level.



Table 2: NUTS and LAU classification in Germany (status NUTS 1.1.2012 and LAU: 1.1.2012) [EU Commis-

sion, 2007; Eurostat, 2012]

NUTS 1 NUTS 2 | NUTS 3 LAU 1 | LAU2
Baden-Wiurttemberg................ 4 44 913 1103
Bayern........cccocvevviveenienie s, 7 96 1030 2059
Berlin.......ccoooiiiiieieccee, 1 -- 8
Brandenburg.........ccccoeeenennnn. 1 18 277 432
Bremen.......ccoevvevvvvenenerienens 1 -- 91
Hamburg......ccooeeveiviieciviiniennns 1 -- 1
HESSEN....cvveieeeceeccece e 3 26 4 433
Mecklenburg-Vorpommern.... | 1 776 818
Niedersachsen............cccvevrnne 4 46 760 1048
Nordrhein-Westfalen.............. 5 53 -- 69
Rheinland-Pfalz........................ 3 36 2269 2317
Saarland.........c.cocoviiiiiiiinnnn, 1 -- 52
SacChSeN....cccvveecceeee e, 3 13 262 493
Sachsen-Anhalt........................ 1 14 299 411
Schleswig-Holstein.................. 1 15 1043 1127
ThUringen......cccocevvevecvvevsecennn, 1 23 829 952
Germany 38 402 8462 11788

Zhou and Bialek, who back up their approach with
empirical consumption data from transmission system
operators (TSO), found that on the NUTS 1 level
there is a 91% correlation between electricity con-
sumption and population for Italy [Zhou and Bialek,
2005]. In [Hinz et al., 2014] and [Consentec and
IAEW, 2012] the results are validated with empirical
data, but without quantifying the correlation. In [Con-
sentec and IAEW, 2012] it is stated that there is a
correlation between population density and the con-
sumption in the industry and tertiary sectors. How-
ever, this does not apply to every region in Germany.

Whenever better insights into regional energy demand
are required, more detailed regionalisation approaches
are necessary. In [Gils, 2014; Beer, 2012; Blesl et al.,
2008] population is a major driver of energy demand,
but is supported by additional structural characteris-
tics.

The focus of the Gils study is the European demand
response (DR) potential, which is closely related to
electricity demand and power driven technologies and
therefore considered in this review [Gils, 2014]. Gils
uses the population distribution to allocate the DR
potential of the residential sector to grid cells. The
DR potential of the tertiary sector is equally distrib-
uted to all grid cells that are connected to one of three
specific categories out of 44 different land use

classes.® For the industry sector, the individual pro-
duction sites of the energy-intensive industries (pro-
duction of aluminium, electric steel, copper, zinc,
chlorine, calcium carbide and partially cement) are
identified and production capacities estimated. The
remaining DR potential of the industry sector is allo-
cated according to employment statistics. This ap-
proach incorporates 40 European countries.

A regional energy system model that addresses both
electricity and heat in terms of generation and de-
mand was developed and initially presented in [Beer,
2012]. In Beer’s approach socio-demographic, infra-
structure and climate data is used to allocate the Ger-
man energy demand to LAU 2 level. The industry
sector demand is distributed by subsector and munici-
pality using statistics on employment. As the study
focuses on electricity co-generation, heat demand in
the residential sector is distributed in detail by settle-
ment structure, building type and age class as well as
living space. The electricity demand is, however,
merely broken down by living area. As the tertiary
sector is very heterogeneous, the demand distribution
is based on different parameters, but the exact algo-
rithm is not described in [Beer, 2012]. The model has
also been developed further and applied to other stud-
ies, cf. [Corradini et al., 2012; Gallet et al., 2014].

® The considered categories are continuous urban fabric,
discontinuous urban fabric and industrial or commercial
unit.



Table 3: Overview of regionalisation approaches for electricity/energy demand

Study Differentia- Energy Regionalisation ap- | Tem- Regional | Spatial granu-

tion by sector | carrier proach poral scope larity

scope
Zhouand | -- Electricity | POP Only 1*synchr. | NUTS 1
Bialek, 2002 UCTE
2005 region (18
European
countries)

Agricola -- Electricity | POP & (not further 2015- | Germany | Representative
etal., specified) additional 2030 municipalities
2012 structural characteristics
Consentec | - Residential Electricity | GDP & POP 2032 Germany | Grid nodes
and - Tertiary /
INEW, Industr
2012 y
Robinius | -- Electricity Only Germany | Municipality
etal., 2013 (LAU 2)
2014
Hinz et - Residential/ Electricity 2013 - | Germany | District
al., 2014 | Tertiary 2023 (NUTS 3)

- Industry
Gils, 2014 | - Residential (DR po- GDP, POP & additional | Only 40 Euro- Coordinate

- Tertiary tentials of) | structural characteristics | 2010 pean grid (cell area

- Industr Electricity countries | 0.27-0.74

y km?)

Beer, - Residential Electricity 2010- | Germany | Municipality
2012 - Tertiary & Heat 2030 (LAU 2)

- Industry
Blesl et - Residential Heat Only Baden- Municipality
al., 2008 - Tertiary 2007 Wirttem- | (LAU 2)

- Industry berg

- Public

In [Blesl et al., 2008] an approach to assess heat sup-
ply and demand in Baden-Wirttemberg was devel-
oped. In this study, the industry, tertiary and public
sectors as well as settlements are differentiated. The
heat demand in the industry and tertiary sectors is
distributed using employment statistics by subsector.
The demand in settlements is correlated to population
and settlement structure. Besides the use of popula-
tion and economy related information, specific pa-
rameters for each subsector and municipality size are
necessary for their quantification different approaches
with increasing accuracy are suggested.

A summary of the more detailed approaches indicates
that the relatively high availability of statistical data
concerning demographic development and living
area, best supports the regional allocation of the resi-

dential sector demand. The regionalisation of the het-
erogeneous tertiary and industry sectors are addressed
in a more simplified manner, given the limited avail-
ability of data. The regionalisation of the tertiary sec-
tor is especially challenging. Unlike in the industry
sector, there is generally very rare information on the
structural composition of tertiary subsectors. Fur-
thermore, there is a major challenge in the industry
and tertiary sector stemming from the lack of infor-
mation on the applied technologies at different pro-
duction sites.

Also it is important to note that even if the spatial
granularity is very fine in some studies, not all neces-
sary data is available in the same resolution and as-
sumptions were made to fill the gaps.
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Figure 1: Structure and procedure of the FORECAST modelling approach [Fraunhofer 1SI, 2015]

Overall, the number of approaches listed in Table 3
that address the regional allocation of electricity de-
mand has been limited up to now. This is especially
true when it comes to approaches that consider struc-
tural characteristics of the demand side sectors and
technology considerations. The concept developed in
this study contributes to the research field by enlarg-
ing the group of detailed approaches.

I1l. DEVELOPMENT OF A NEW REGION-
ALISATION APPROACH

A. Overview of the modelling approach

Within this study we apply the energy demand model
FORECAST (FORecasting Energy Consumption
Analysis and Simulation Tool) that is frequently used
in German and European studies for policy makers
and industrial customers [Fichtner et al., 2013; Fleiter
et al., 2015; Matthes et al., 2013; Matthes et al, 2014].
FORECAST aims to develop long-term scenarios on
an annual basis up to 2035/2050 based on a bottom-
up methodology, considering the particularities of
each demand side sector, such as technology struc-
ture, heterogeneity of actors, level of end-consumer
energy carrier prices and data availability. This con-
sideration of the sectoral heterogeneity and techno-
logical composition on a high granularity-level is an
essential value of the FORECAST modelling ap-
proach.

The newly developed regionalisation approach is
implemented in the model FORECAST-Regional,
which is applied in a subsequent step to the FORE-

CAST model. In this way, the granularity of FORE-
CAST results is used to generate downstream a spa-
tial resolution of electricity demand, which generates
differentiated conclusions about the individual re-
gional units. Hence, this regionalisation approach is
implemented as a two-step-process: (i) the national
electricity demand is calculated based on FORE-
CAST (section 111.B) and (ii) a regional allocation is
estimated by applying sectoral distribution keys via
FORECAST-Regional (see section 111.C). The struc-
ture and procedure of FORECAST is illustrated in
Figure 1.

B. Modelling of national electricity demand

The structure and procedure of the modelling ap-
proach, the methodology, and the key input and out-
put data are discussed in the following paragraphs.

Structure and procedure

The modelling of energy demand with FORECAST
depends on the definition of a qualitative scenario-
philosophy, which is transformed into quantitative
framework parameters (population, gross domestic
product (GDP) and wholesale price by energy carrier)
and a set of policy measures. The sector-specific driv-
ers (e.g. gross value added industrial sub-sectors) are
based on an estimated population development, the
GDP and empirical trends of sectoral activity parame-
ters, which are determined in FORECAST Macro.
Furthermore FORECAST contains a price module
(FORECAST Pricing), which calculates the sectoral
retail prices on the basis of a detailed observation of



the wholesale price by energy carrier and various tax
and levy components (e.g. EEG apportionment).

To determine the sector-specific energy demand,
FORECAST is made of four individual demand side
modules: industry, tertiary and residential sectors and
“others” which captures the remaining agriculture and
transport sectors. Each module itself comprises by
three hierarchical levels; the industrial sector for ex-
ample is split up into the industrial subsector (first
level), for which sector-specific processes are differ-
entiated (second level), which are in turn connected to
process- and technology specific saving options (third
level).

FORECAST thus provides energy demand at a na-
tional level, although in this study only the electricity
energy carrier is discussed.

Input data

The list of selected input data, as shown in Table 4,
provides a general idea of the level of detail of the
modelling approach; it requires very specific data on
drivers, prices and techno-economic parameters for
each sector. All input data can be said to reflect the
availability of information for the sectors. In the same
way industrial production characterises the activity
level in the industry sector, the number of households
describes the residential sector. In the industrial and
tertiary sectors the model works with energy-
efficiency measures (EEMSs), which represent all
kinds of actions that reduce specific energy demand.
In the residential sector, however, the stock of alter-
native end-uses and the market share of different effi-
ciency classes are explicitly modelled. The end-
consumer prices also for the individual energy carri-
ers differ between sector, and this needs to be taken
into account as they play an important role in the
choice of technology. For an overview of the essential
sources see [Fraunhofer ISI, 2015].

Modelling structural change

A key asset of FORECAST is the modelling of struc-
tural change based on the development of activity
drivers and technology diffusion over time. The activ-
ity drivers are calculated using the econometric ap-
proach of FORECAST-Macro, so each driver cap-
tures a multitude of effects. For instance, the change
of population reflects the impact of demographic de-

velopment, which originates in birth and mortality,
immigration and emigration and the aging structure of
the population. Another example is the distribution of
gross value added (GVA) by sector, which reflects the
impact of inter- and intra-sectoral shifts.

Due to the use of the bottom-up approach, the techno-
logical change can be modelled through the entry and
diffusion of new technologies resulting from individ-
ual investment decisions taken over time. For all
types of investment decisions, the model follows a
simulation approach rather than an optimisation in
order to better capture the real-life behaviour of com-
panies and households. The investment decision is
modelled as a discrete choice process, in which deci-
sion-makers choose among rival technologies to sat-
isfy a certain energy service [Train, 2002]. The dis-
crete choice modelling is implemented as a logit-
approach considering the total cost of ownership
(TCO) of an investment, discount rates, the dispos-
able income (in the case of residential decision-
makers) plus further intangible costs and benefits
[Train, 2002; GeilRdorfer, 2008]. This approach en-
sures that even if one technology is more cost-
effective than the others, it will not gain a 100% mar-
ket share. This effect reflects the heterogeneity in the
market, niche markets and non-rational behaviour of
companies and households, which is a central to the
modelling of policies (e.g. minimum energy perform-
ance standards, energy taxes for end-consumers, in-
formation-based policies, EUM emission trading).
The resulting technology development (and energy
demand) is still price sensitive, and the decision mak-
ing in the residential sector is also income sensitive.
When analysing electricity demand alone, FORE-
CAST also captures the transition to and from non-
electricity driven rival alternatives.

The replacement of equipment/buildings/technologies
is based on a vintage stock approach which realisti-
cally models the replacement of capital stock based
on its age distribution. Some parts of the industrial
and tertiary sectors do not use a vintage stock ap-
proach, due to both the substantial heterogeneity of
technologies and data scarcity. However, technology
diffusion is still based on a similar simulation algo-
rithm taking heterogeneity and non-rational behaviour
into account.



Table 4: Input data of FORECAST (on a country-level)

Residential Tertiary Industry Others
Activity - No. of households | by subsector: by subsector (and - Passenger
drivers - Building surface - No. of processes): kilometre
by type of building - | employees - physical produc- - Tonne
Disposable - Floor area per tion by process - Kilometre
Income employee - Value added - Production output
- Value added by subsector - Irrigated areas
by subsector - etc.
- Population (cross-sectoral)
Gross Domestic Product (cross-sectoral)
Prices - Energy prices - Energy prices - Energy prices
- EUA prices
Techno- Appliances and light- | Services: Processes: Processes/Services:
economic ing: - Technology - Technology - Technology-
data - Technology - driver - driver driver
- driver - Spec. energy - Spec. energy - Spec. energy-
- Spec. energy demand demand demand
demand Saving options: Saving options: - Saving potential
- Saving potential - Saving potential - Saving potential
- Costs - Costs - Costs
- Lifetime - Lifetime - Lifetime
Buildings/heating: Buildings/heating: | Buildings/heating:
- Insulation level - Insulation level - Insulation level
- Heating system - Heating system - Heating system
efficiency and efficiency and efficiency and
shares shares shares
- Costs - Costs - Costs
Output data demand (section I11.B) the data input of FORECAST-

Along with the structure of the sectoral models,
FORECAST gives energy demand differentiated into
the three hierarchical levels (see “structure and proce-
dure”). Hence, conclusions can be drawn, for in-
stance, on the kind of saving options suitable for each
process in an industrial sub-sector. For the down-
stream spatial resolution this structural granularity of
electricity demand reflects — besides the regional ac-
tivity drivers — the structure of the input data.

C. Modelling of regionalised electricity demand

In this section the newly developed regionalisation
approach is discussed. The following discussion fo-
cuses on the interface to the national electricity de-
mand of FORECAST, the data basis, the methodical
approach, the critical appreciation of methods, and
possible ways of analysing the results.

Structure and procedure

The national electricity demand is spatially resolved
by FORECAST-Regional in a step subsequent to the
FORECAST model. Besides the national electricity

Regional is based on the Regional Database, which
represents the numerical framework for the spatial
resolution. In terms of methodology, sectoral distribu-
tion keys are applied to split electricity demand into
regional units (e.g. gross value added per sub-sector,
population density per region). This approach leads to
a breakdown of the national electricity demand by
districts/municipalities. In parallel with this, the driv-
ers and electricity demand are compared with official
statistics at a regional level for selected large German
cities and on a district level by state: the so-called
Multilevel Validation. The results of FORECAST-
Regional are calculated as total consumption, poten-
tials and indicators. Subsequently, a clustering of the
regions by structural characteristics and control zone
of the transmission system operator (TSO) is accom-
plished to provide a sufficient framework for result
analysis. Furthermore, the result can be allocated to
certain voltage levels of the electricity grid.

Figure 2 depicts an overview of the structure and
procedure.
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Figure 2: Structure and procedure of the FORECAST-Regional approach

Regional Database

The Regional Database contains data for all parame-
ters needed for the spatial resolution. The selection of
data is oriented towards the typical drivers that are
used for ex ante analysis in bottom-up energy demand
models. The selection is therefore consistent with the
activity drivers of FORECAST, which are illustrated
in Table 4. According to FORECAST, a differentia-
tion is made by cross-sectoral and sector-specific
drivers; these are primarily:

e cross-sectoral: population and gross domestic
product (GDP)

e sector-specific: gross value added (GVA),
employees, living area, number of electric
vehicles, disposable income, industry loca-
tions and capacities, hospital beds, students,
etc.

Furthermore, the climate conditions are captured by
the climate factor that comprises the combined impact
of weather-caused effects on energy demand [DWD,
2015].

The data collection is primarily based on public
sources such as the so-called ,Regionendatenbank®
and ,Gemeindeverzeichnis-Informationssystem* of
the Federal Bureau of Statistics (DESTATIS), statisti-

cal offices of the federal states, the Bertelsmann
Foundation, German Meteorological Service (DWD),
Federal Motor Transport Authority (KBA), Federal
Office of Economics and Export Control (BAFA) and
commercial sources such as the ene’t database
[Bertelsmann, 2015; DWD, 2014; DWD, 2015; ene't,
2014; KBA, 2015; Landeshilanzen, 2015; Statistische
Amter, 2014; Statistische Amter, 2015]. The data are
provided in different levels of granularity for districts
(NUTS 3), municipalities (LAU 2) or postal code
areas. There are particular challenges in the assump-
tions needed for the distribution of NUTS 3 data to a
LAU 2 level. Another challenge is to ensure that the
data bases from different sources are consistent with
each other; there are usually different starting posi-
tions for gathering data or the interaction between
drivers is not captured sufficiently. Examples of such
different starting positions are the lack of considera-
tion of the population census in 2011 or the variations
in coverage of municipality reforms, which can lead
to deviations in the data basis [DESTATIS, 2014;
ZENSUS, 2014]. An example of the interaction be-
tween drivers is as follows: changes in population
lead to changes of electricity demand in the residen-
tial sector, but at the same time it affects the number
of students and hospital beds and therefore the elec-
tricity demand of the tertiary sector.



To use the parameters of the Regional Database for an
ex ante analysis, the data needs to be available for the
entire horizon of analysis. The projection of data into
the future in the Regional Database is primarily based
on the so-called ‘Raumordnungsprognose 2030 of
the Federal Institute for Research on Building, Urban
Affairs and Spatial Development (BBSR), which
particularly focuses on the questions of high spatially
resolved structural changes [BBSR, 2015]. The
‘Raumordnungsprognose 2030’ provides data for the
following parameters: population (by age groups),
employees (by age groups and sex) and households
(by household size) on a district level for the period
1990-2030. As these parameters are projected at a
district level, they already include the net effect of
interregional structural change. For instance, change
in net population is the result of birth, mortality and
migration effects. The three parameters (population,
employees and households) are extrapolated up to the
end of the projection through regression analysis. The
other parameters captured in the Regional Database,
which are not included in the ‘Raumordnungsprog-
nose 2030’, are extrapolated either by specific indica-
tors (e.g. GDP per capita) or by correlation analysis
(e.g. there is a strong correlation between GVA and
the number of employees or between the GDP per
capita and disposable income).

Definition of sectoral distribution keys

National electricity demand is broken down by region
using sectoral top-down distribution keys, which are
derived from demand theory. The objective is to
transform the heterogeneous composition of national
electricity demand into regional structures. Hence,
given the modelling of national electricity demand in
FORECAST, and considering sectoral differences, a
unified methodical approach is applied. Examples
include the differentiation of electricity demand of the
household sector by appliances/lighting, electricity
demand of heating systems attributed to hot water
generation, electricity demand of heating systems
attributed to space heating and electricity demand
attributed to small appliances. This distinction is
based on existing studies and allows effects such as
the share of electricity based heating systems to be
examined (e.g. [Agora Energiewende, 2013; Frey et
al., 2007; Nymoen and Pehnt, 2014]). Within FORE-
CAST-Regional the following parameters differenti-
ated by electricity demand categories are used for the
sectoral distribution keys:

1. Residential sector:
Appliances/lighting: specific electricity demand
per size of household, households by number of
inhabitants, disposable income

Hot water: specific electricity demand per size of
household, households by number of inhabitants,
disposable income
Space heating: specific electricity demand per
size of household, number of households living
area per household, disposable income, climate
factor (primarily capturing temperature and ra-
diation), binary variable if an electricity-based
heating system is available in a household
Residual: specific electricity demand per inhabi-
tant, disposable income, number of inhabitants

2. Tertiary sector:
Healthcare: specific electricity demand per proc-
ess, employee by subsector, floor area per em-
ployee by subsector, gross value added by sub-
sector, hospital beds
Education: specific electricity demand per proc-
ess, employee by subsector, floor area per em-
ployee by subsector, gross value added by sub-
sector, number of students
Residual subsectors: specific electricity demand
per process, employee by subsector, floor area
per employee by subsector, gross value added by
subsector

3. Industry sector:
Energy intensive industry: specific electricity
demand per process, gross value added by sub-
sector, locations, production capacity
Non-energy intensive industry: specific electric-
ity demand per process, gross value added by
subsector

4. Agricultural sector:
specific electricity demand per gross value
added, gross value added

5. Electro mobility:
specific electricity demand per capita, certifica-
tions of electric vehicles, population, surface per
regional unit

6. Others (mainly railroad transport):
specific electricity demand per gross value
added, gross value added

The data basis with the highest granularity available
is used to transform this parameter set into sectoral
distribution keys. However, since the data availability
is restricted for some subsectors, ratios of national
levels are used to fill the data gap. This provides con-
sistent values from a top-down perspective, however,
from a bottom-up perspective this approach can lead
to regional miscalculations. Furthermore, if there is



no location-specific data for the electricity consump-
tion or any sufficient basis for analogous assumptions
available, the approach is based on the assumption
that the technological structure within the considered
category is homogeneous. This means, that in the case
of the production of one ton of steel in plant A, the
same specific consumption would be used to decom-
pose electricity demand for plant B. This procedure
accounts for the restricted availability of data.

Multilevel Validation

The multilevel validation is an approach to establish a
correct balance on various administrative levels of
structural data and sectoral electricity demand. Bal-
ancing means that a comparison between regionalised
electricity demand, resulting from a distribution key-
based break down, and historical data for large cities,
federal states and on a national level is accomplished.
On the one hand, this would allow the detection of
possible reasons for the deviations caused by the top-
down approach differentiated by input and output
data. On the other hand, the Multilevel Validation
approach can be used to recalibrate the distribution
keys. This method of validation, compared to the
conventional regionalisation approaches discussed in
section Il is an essential feature of this new approach;
the validation is usually based on a comparison to the
national electricity demand without considering the
consistency of levels in between.

To generate complete data consistency with the na-
tional FORECAST data, any remaining deviation
needs to be eliminated by normalisation. This nor-
malisation is accomplished in a two-step-process: (i)
for the drivers, to eliminate the driver-attributed de-
viations and, (ii) for the electricity demand. A com-
parison of the various data sources used shows that
even in a theoretical case of perfectly calibrated dis-
tribution keys a normalisation is still needed. This is
because the sources are usually based on different
methodological approaches for balancing and data
collection and so minimal deviations will always oc-
cur.

Results

The results of FORECAST-Regional — presented by
the different distribution key categories — are calcu-
lated by total consumption (e.g. hot water in the resi-
dential sector), by indicators (e.g. electricity demand
per capita in the residential sector) and by potentials
(e.g. difference between two ex ante projections for
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consumption and indicators). Furthermore, these re-
sult categories can be clustered as follows:

e Structural characteristics: centrality (pe-
ripherical vs. central), type of district
(sparsely populated vs. agglomeration), type
of region (rural vs. urban)

e Control zone of transmission system operator
(TSO): Amprion, Transpower, 50 Hertz,
Transnet BW

e Voltage level: low-voltage to extra high-
voltage

IV. CASE STUDY

A. Definition and framework conditions

The aim of the case study is to compare the results of
the newly developed approach with a conventional
approach of regionalisation. This comparison will
provide insights into systematic differences between
the impact on regional electricity demand when using
simplified distribution keys versus the impact using
detailed sector-specific distribution keys. In the con-
ventional approach the distribution of population is
used as an indicator to decompose residential electric-
ity demand and the remaining sectors are broken
down by GDP.

The case study is analysed for Germany up until 2035
on a NUTS 3 level based on the underlying trends of
the ‘Raumordnungsprognose 2030‘ of the Federal
Institute for Research on Building, Urban Affairs and
Spatial Development (BBSR), which are extrapolated
up until 2035 [BBSR, 2015].

In Figure 3 the shrinking and growing regions in
Germany on a NUTS3 level are depicted based on the
‘Raumordnungsprognose 2030°, using population
change as an indicator. This is achieved by identify-
ing the change of a district’s population between 2010
and 2030 and allocating it to one of seven categories:
very strongly shrinking (< -25%), strongly shrinking
(-25 to -15 %), shrinking (-15 to -5%), stable (+/-
5 %), growing (5% to 15 %), strongly growing (15 to
25 %), very strongly growing (> 25%). Figure 3 re-
veals that districts in Southern Germany are particu-
larly expected to grow, whereas the districts in East-
ern Germany are expected to shrink. In addition, the
change of GDP is presented in Figure 3, derived from
empirical trends of the GDP per capita development
on a NUTS 3 level and the development of popula-
tion.
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Indicator: Population

Indicator: GDP
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of districts
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Figure 3: Regions of shrinking and growing population and GDP in Germany on a NUTS 3 level based on the
‘Raumordnungsprognose 2030“for 2010 vs. 2030 [BBSR, 2015]

The further framework parameters and policy as-
sumptions for the case study are mainly based on the
‘Defizitszenario’ of the study ,Klimaschutzszenario
2050° [Matthes et al., 2014].

B. Results

Analysing the national electricity demand shows that
the overall development is rather stable between 2010
and 2035 (525.5 TWh in 2010, 517.2 TWh in 2035).
In Figure 4, the results are presented by type of distri-
bution key category, which reveals that electricity

demand of the residential and tertiary sector slightly
decreases  (residential:  141.7 TWh in 2010,
117.5 TWh in 2035; tertiary: 140.0 TWh in 2010,
136.5 TWh in 2035), whereas electricity demand in
the industry sector slightly increases (219.0 TWh in
2010, 221.5TWh in 2035) until 2035. By far the
strongest increase of electricity demand, in relative
terms, can be witnessed for electric mobility of
+19.2 TWh (0.0 TWh in 2010, 19.2 TWh in 2035).

600

M Residential_Appliances/Lighting
M Residential_Water heating

M Residential_Space heating

M Residential_Residual

M Tertiary_Healthcare

M Tertiary_Education
M Tertiary_Residual

Electricity demand [TWh]

M Industry_Energy Intensive

[ Industry_Non-Energy Intensive

500 -
400 -
300 -
200 -
100 -

M Others_Residual
M Electric mobility

2010 2015 2020 2025

2030 2035

T M Agriculture, forestry, fishery

Figure 4: Electricity demand by distribution key category on a national level for the period 2010 to 2035
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Figure 5: Total electricity demand — comparison between new approach vs. conventional approach on a NUTS 3

level for 2010

In the following discussion, the electricity demand is
resolved to NUTS 3 level. Figure 5 shows the differ-
ences between the conventional and the newly devel-
oped approach for the year 2010. The colour scale of
Figure 5 identifies NUTS 3 units in which the re-
gional electricity demand is more than 30% lower
(blue) to more than 30% higher (red) with the new
compared to the conventional approach. The differ-
ences between the approaches stem from different
distribution keys and the application of the Multilevel
Validation in the new approach. Note that here only
the base year 2010 is depicted, so no conclusions
about demand increase or decrease over time can be
drawn from this figure.

Following Figure 5 it can be stated that the sectoral
distribution keys lead to differing results for most of
the regional units within a range of +/-20%. However,
particularly for larger cities, the new approach esti-
mates considerably lower electricity demands. One
example is the city of Berlin, for which a simplified
regionalisation of electricity demand (using only
population and GDP) leads to more than 30% higher
demand values. As Berlin is not only a city but also a
federal state of Germany, statistical data concerning
the demand is available in the ‘Landesbilanzen’. This
information, which is also used for the Mulitlevel
Validation to recalibrate the distribution keys, shows
that the conventional approach systematically overes-
timates the demand for Berlin and apparently for lar-
ger cities in general. Further, for the states of Sach-
sen, Hessen and Baden-Wirttemberg the differences

in demand between the approaches range only be-
tween +/-10%. This originates in the development of
GDP and sectoral GVA, which is strongly correlated
in these states and less in others.

Besides the differences of electricity demand distribu-
tion in the base year, the new approach also leads to
differences due to an alternative capturing of struc-
tural change over time. In Figure 6, the change in
electricity demand between 2010 and 2035 is depicted
for the conventional approach (left) and the new ap-
proach (right). Regarding the conventional approach,
the change in electricity demand clearly reflects the
development in population and GDP (cf. Figure 3).
Furthermore the conventional approach shows
stronger changes (both shrinking and growing) in the
demand. Especially for the shrinking regions in the
newly-formed states the conventional approach leads
to an almost uniformly decreasing electricity demand,
whereas the new approach distinguishes sectoral re-
alities for the individual regional units.

Furthermore, the results on a NUTS 3 level were
mapped in two different clusters: One regarding the
type of the unit, distinguishing urban and rural dis-
tricts, the other distinguishing between peripheral and
central districts (cf. Section Ill. C.). An analysis for
each cluster showed that in the conventional approach
the change of specific electricity demand is strongly
positive correlated with the change in population for
rural, sparsely populated districts. Contrary, in the
new approach the correlation is less strong and nega-
tive.
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Conventional Approach

New Approach
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B - 5%
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Figure 6: Change in total electricity demand of the conventional approach (left) and the new approach (right) on

a NUTS 3 level for 2010 vs. 2035

A subsequent sector specific analysis shows that the
differences of electricity demand for the industrial
and tertiary sector between the conventional and the
new approach primarily stem from the additional
consideration of sectoral GVA in the new approach,
compared to the only consideration of GDP in the
conventional approach. On the one hand, this leads to
a partially strongly deviating level of electricity de-
mand for these sectors in 2010. On the other hand, the
change in sectoral GVA over time has a varying ef-
fect on the structural change of each regional unit.

Furthermore, the new approach considers the sectoral
electricity demand and its main drivers on a NUTS 1
level based on the ‘Landesbilanzen®. For the indus-
trial sector commonly information to the individual
subsectors is provided, which leads to a higher accu-
racy in terms of the new approach.

Regarding the sectors that are aggregated under the
term ‘Others’, the largest differences are shown for
electric mobility. This originates on the one hand

from the dynamics in annual electricity demand and
on the other hand in the different approach to distrib-
ute electricity demand using population density com-
bined with regional certification patterns.

The differences between the two approaches are the
smallest in the residential sector. Even if the number
of persons per household and the regional income
levels are considered additionally in the new ap-
proach, the crucial driver for electricity demand re-
mains the population development. An essential dif-
ference, however, is reflected by the electricity de-
mand for space heating. Here the locations of night
storage heaters are explicitly considered, which af-
fects the distribution residential electricity demand
due to the differences of specific electricity demand
of households with and without night storage heaters.
Exemplarily, a comparison of residential electricity
demand for the conventional and the new approach
between 2010 and 2035 is depicted in Figure 7.
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Figure 7: Residential electricity demand change of the conventional approach (left) and the new approach (right)

on a NUTS 3 level for 2010 vs. 2035
V. CONCLUSION

A. Critical reflections

This study introduces a new approach to break down
the national electricity demand by administrative re-
gions, while also considering sectoral and technologi-
cal heterogeneity. This new approach, applies sector-
specific distribution keys, distinguished by demand-
categories. In comparison, existing approaches usu-
ally calculate electricity demand on the basis of cross-
sectoral distribution keys such as gross domestic
product and population.

The regionalisation approach is implemented within
the FORECAST-Regional model, which builds its
results on the FORECAST model (national electricity
demand). Despite the sequential model-coupling, the
new approach is universally capable to decompose the
national electricity demand into its spatial segments.
Regional assessments are enabled by this detailed
segmentation of the electricity demand. For example,
the annual increase of energy efficiency or flexibility
potential by specific administrative districts, munici-
pals, federal states or control areas can be calculated.

A substantial benefit of this new approach is the abil-
ity to consider the impact of structural change, attrib-
utable to a change of activity drivers, and technology
change on regional electricity demand. Hence, the
approach provides a compatible concept for ex ante

analysis, for instance, in the context of scenario
analysis.

The accordance on various spatial levels can be sub-
stantially increased because of the Multilevel Valida-
tion of electricity demand and its drivers (e.g. for
electricity balances of federal states or big cities).
Another general contribution of this study to the re-
search field of demand side regionalisation is the
transparent methodological discussion. This is pro-
vided by the documentation of data sources and the
outline of essential assumptions in respect to partially
limited data and further principle limitations.

Besides these assets the new approach also contains
some constraints. The primary challenge is that the
electricity demand is disaggregated using a top-down
approach, but the composition of regional electricity
demand needs to be consistent from a bottom-up per-
spective. Given limited data availability at a regional
level, this obstacle cannot always be overcome. Ac-
cordingly, it sometimes needed to be assumed that the
technological composition of sector-specific electric-
ity demand at a regional level is identical to that at a
national level (insofar as there is no regional data
available). Hence, although the sectoral heterogeneity
can be very well captured by various activity drivers,
the technological differentiation can often be seen as
challenging.




B. Outlook

In spite of the contribution of FORECAST-Regional
to the current discussion of spatially resolved data,
there is still a need for advancement in terms of
methodology and data basis.

With respect to methodology there are four primary
approaches for further development, some of which
are already partially implemented. Firstly, in addition
to the spatial resolution, further insights can be pro-
vided by a temporal segmentation below an annual
perspective. This extension has been accomplished in
parallel to this study by using the load curve model
eLOAD which transfers the FORECAST-Regional
results into hourly load curves [Fraunhofer 1SI, 2015].
Secondly, the net load per regional unit can be deter-
mined from the perspective of an electricity supplier,
while also considering decentralised own generation
and self consumption. Thirdly, the interface with sub-
sequently calculated grid models can be improved,
not only by distinguishing load by specific voltage
levels, but also through an additional assessment of
transmission and consumption at each voltage level.
Fourthly, FORECAST-Regional can be extended to
additional energy carriers. Since FORECAST com-
putes the national energy demand for all energy carri-
ers, the same methodology of decomposing the en-
ergy demand by sectoral distribution could be ap-
plied.

With respect to advancing the data bases it should be
mentioned that there are further data sources, which
are not yet included in the Regional Database. For
instance, there are distinct regional electricity prices
arising from region-specific network charges [Frie-
drichsen, 2014; Friedrichsen et al., 2015]. Further-
more, various regional energy concepts have been
developed in recent years, which can be used to im-
prove the calibration of the distribution keys. With
regard to the industry sector, data availability could
be enhanced by the systematic evaluation of location
specific environmental reports. Alternatively, the data
bases of the Federal Office of Economics and Export
Control, comprising businesses favoured by the spe-
cial equalisation scheme, could provide useful infor-
mation in terms of production capacities or even elec-
tricity demand by location [BAFA, 2015]. An evalua-
tion of the pollutant release and transfer registers
could serve as an indirect approach to estimate loca-
tion and process specific electricity demand [UBA,
2015].

Above all, this newly developed regionalisation ap-
proach is an essential contribution to the research
field of spatially decomposed demand analysis. How-
ever, the demonstrated need for further investigation
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in terms of methodology and data availability sug-
gests potentials for enhancement.
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