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Abstract

Background: The Paris Climate Agreement requires a rapid and efficient shift to renewable energies and a
decarbonization of the energy system. Combined heat and power provision from biomass is one way to efficiently
provide renewable heat. Despite this, many bioenergy plants in Germany are mainly used to generate electricity
and the provision of externally usable heat still has untapped potential. In this study, we investigated gross
quantities as well as the economically viable potential of Germany's current bioenergy plant stock in supplying
renewable heat.

Methods: We used a top-down GIS modeling approach to spatially and explicitly assess the heat demand of three
different categories of heat sinks at sub-municipal level. These included residential, commercial, and industrial areas,
as well as large individual heat consumers. We then calculated the plant-specific heat sales potential for two
different district heating network options. In addition, we developed a method for assessing the economic
efficiency of the previously identified technical heat sales volume for a set of 20 different clusters of bioenergy
plants.

Results: The results show that about 50% of the bioenergy plants have potential heat consumers in their
immediate proximity. The overall technical heat sales potential for all three categories totals around 150 TWhy./a.
However, this potential is not evenly distributed throughout Germany. Certain regions appear to be more favorable
for investing in district heating networks powered by heat from biomass. The economically viable heat sales
potential related to electrical energy generation ranges from — 0.128 to 0.160 €/kWhy.

Conclusion: We concluded that, under certain conditions such as location or supply and demand structure,
German bioenergy plants have the potential to provide a significant share to renewable energies in the heating
sector. In addition, the heat sales potential is highly relevant for plant operators as the importance of heat as a
business segment is set to increase. Furthermore, bioenergy plants could contribute 2.1% (16.3 TWhy,/a) to the total
demand for space heating in Germany (765 TWhy,/a) when considering certain technical and economic constraints.
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Background

Heat accounts for half of the final energy consumption
in Germany, but currently only 13.9 % of heat is sup-
plied by renewable energy sources (RES) [1]. Thus, the
share of renewable energy sources in heat supply needs
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to increase if the greenhouse gas reduction targets of the
Paris Climate Agreement are to be met. In order to
achieve this goal, the European Union (EU) intends to
analyze different ways to promote a transition towards
using RES in supplying heat as part of its strategy on
heating and cooling (COM 2016). One option is to
decarbonize existing district heating networks (DHNs)
and to supply more heat consumers through new, yet-
to-be-built DHNs. At the moment, district heating
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provides 9% of the EU’s heat [2]. In 2012, fossil fuels
were the primary energy sources for heating and cooling
in these networks (75%). The most important renewable
fuel for DHNS, with a share of 12% in 2015, is heat gen-
erated from biomass [3].

In 2012, Germany’s share in final energy consumption
for heating and cooling supplied by district heating sys-
tems was 8-9% [2]. The German district heating system'
has a connected load of 51 GW and a transformation
output of around 470 PJ. The overall fuel input amounts
to 522.3 PJ and consists of coal (29%), lignite (11%),
mineral oil (1%), natural gas (42%), waste (11%), and bio-
mass (6%) [4]. However, in order to achieve the green-
house gas reduction targets set by the German
government, DHN’s supplied by RES will need to provide
23% of the final energy consumption for building heat
by 2050 [5]. One reason for this is that regions without a
natural gas network and with predominantly decentra-
lized oil heating systems also need to have renewable al-
ternatives for their so far fossil-based heat supply [6].
Furthermore, with the foreseeable shutdown of coal-
fired power plants in Germany by 2038 [7], the 50
TWhy/a of heat [8] currently produced by this sector
needs to be replaced by low-carbon fuels. Fritz and
Pehnt [8] recently stated that biomass must also partly
contribute to this as well.

The largest share of heat from RES in Germany is gen-
erated by biomass (87.3%), mainly in small combustion
plants [9]. Additionally, Germany has an installed cap-
acity of 5.6 GW,; [10] in biogas plants and 1.6 GW, [10]
in plants using solid biomass fuels, which are currently
not utilizing all of the available heat [11].

DHNs are a suitable way of increasing the use of RES
in the heating sector, as Lund et al. point out [12]. This
particularly applies to biomass. Bio-fueled combined
heat and power units (CHPU) can achieve an overall ef-
ficiency of up to 90% [13]. The co-generated heat can be
used to supply DHNs. In order to fully exploit this po-
tential, however, suitable heat consumers (heat sinks)
must be located near the plants; otherwise, the generated
heat cannot be supplied properly due to transport-
related energy losses. The plant-specific and, conse-
quently, the total heat supply potential of the bioenergy
plants (BEPs) in Germany thus crucially depends on
plant location.

In current energy scenarios for Germany, there is little
information available specifically on local district heating
networks and the fuels being used there. Koch et al. [14]
stated an overall contribution to the generation of heat
of 16 TWh with natural gas being the dominant fuel.
Biomass only plays a minor role in the supply of these

"Without rural local district heating networks fueled by heat generated
from biomass.
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networks but with increasing proportions until 2050
[14].

Against this backdrop, the question arises as to the ex-
tent to which the current BEP installations in Germany
can contribute to the provision of heat to external users
by means of district heating networks. In this study, we
investigate the gross amount of heat demand and supply
of the German BEP stock as well as the economically vi-
able potential. For this purpose, we seek to answer the
following research questions:

How many BEPs have nearby heat sinks suitable for

a DHN?

e What is the extent of the technical heat sales
potential (tHSP) (in TWhy,/a) of these BEPs?

e How can the economic viability of tHSP be
assessed?

e How high is the economically viable heat sales

potential (eHSP)?

To answer these questions, we modeled the heat de-
mand for three different categories of heat sinks at a
sub-municipal spatial resolution: the residential sector
(1), the industrial sector as well as the sector trade, com-
merce and services (TCS) (2), and large individual heat
consumers (LIHC) such as hospitals and schools (3). We
then evaluated which BEPs are capable of delivering heat
at all, as well as the plant-specific and overall heat sales
potential per category.

Additionally, we developed a method to evaluate the
economic viability of the previously assessed technical
heat sales for a set of 20 different clusters of BEPs.

In the context of modeling future energy systems,
Weinand et al. emphasize the need for data at a high
spatial resolution [15]. While the general potential for
DHNs in Germany has been analyzed before [16], an in-
vestigation into the specific potential of bio-fueled
CHPUs has only been carried out in some states, such as
Saarland [17]. A Germany-wide assessment has yet to be
made.

Methods

Modeling scheme

In order to determine the technical heat sales potential
(tHSP) for each plant individually, it is necessary to iden-
tify suitable heat sinks close to the respective plant. Con-
sequently, the tHSP is defined as the heat demand of
suitable heat sinks within a defined maximum distance
to the respective BEP. While spatial information on
BEPs is available through the bioenergy plant database
of the German Biomass Research Centre (DBFZ) [18],
the spatially explicit heat demand related to these plants
is missing and needs to be identified. The modeling con-
sisted of two separate steps. First, we modeled the heat
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demand at a spatial resolution below the municipal level.
For the residential sector, this means the level of individ-
ual residential blocks and for the industrial sector the
level of industrial and commercial areas as recorded in
the ATKIS Basis Digital Landscape Model (DLM) [19].
The ATKIS Basis DLM offers a description of these
topographic elements in vector data format for all of
Germany on a scale of 1:25,000 [19]. For the LIHC, this
means their exact geographical location. In a second
step, we calculated the tHSP for each plant individually
and concluded the overall tHSP.

Based on the tHSP, we developed an estimation ap-
proach to assess the economically viable heat sales poten-
tial (eHSP, see Fig. 5). The basic method for calculating
tHSP as well as the input data used is illustrated in Fig. 1.

Most of the data used in the model is publicly avail-
able. The content of the respective datasets, their origin
and the latest update are listed in Table 1. Only the mu-
nicipal level heat demand (later referred to as “IZES heat
demand”) and the DBFZ BEP database contain internal
data of the respective institutions and are therefore not
publicly available.

Modeling the heat demand at a high spatial resolution
Heat is required and consumed in three different sec-
tors: residential, TCS, and industrial. As the German
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Environment Agency states, heat in the residential and
TCS sectors is primarily required for space heating,
while the industrial sector requires the largest share for
process heat [1]. Consequently, the methods for deter-
mining the total heat demand per sector and for its
spatial modeling vary.

For the residential, TCS and industrial sectors, we
followed a top-down modeling approach as described by
Fleiter et al. and applied by Baur et al. [3, 17]. The basic
principle of this approach is to disaggregate the heat de-
mand from the existing aggregated level into smaller
spatial units. In our case, we used data on the heat de-
mand per sector for each municipality, calculated by
Baur et al. [20], and allocated it to the residential areas
and the commercial and/or industrial areas of each
community.

We simultaneously applied a bottom-up approach for
LIHCs, such as hospitals, commercial greenhouses,
schools, and public outdoor swimming pools, which are
particularly suitable for DHNs fueled by heat generated
from biomass [26]. This means that we calculated their
yearly heat demand on the basis of an object-specific
key such as kWhy,a/bed (hospitals), kWha/student
(schools), kWhg,a/m?> (commercial greenhouses), and
KWhy,a/m? water surface (public outdoor swimming
pools).

Spatially high-resolution heat demand modelling Input data

Heat demand per sector on municipality level in GWhy/a | <. | 1ZES heat demand i
' per municipality i

Residential TCS Industrial i OpensStreeMaps
: : ,Buildings“-Dataset | !
T N — \ | ATKIS Base-DLM ;
i Census 2011- | |
ial di i = inhabi / l
Spatial disaggregation of heat demand "~ [Gacrahicaigrd inhabitants / ha |
i Lol POI-Bund - | |
Datasaet
Heat demand in sub-municipal spatial resolution in GWhy,/a i
Determination of plant-specific I
heat sales potential i :
. —_p : i DBFZ BEP
Distance-dependentanalysis with BEP locations 4——'— database i
Plant-specific heat sales potential of BEP per sectorin i
GWhy/a | i

Fig. 1 Modeling scheme to identify plant-specific heat supply potential. The models of the input data are further described in Table 1
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Table 1 Data used for modeling heat demand

Name Content Source Update

IZES heat demand Heat demand in GWh,/a on a municipal level for the residential, TCS, and  IZES gGmbH, Wuppertal Institut, 2011
industrial sectors Fraunhofer UMSICHT [20]

DBFZ BEP database Locations and technical information on bioenergy plants in Germany, DBFZ 2016
containing approx. 14,000 individual plants

ATKIS basis DLM Digital landscape model (scale 1:25,000) with spatial and content-related ©GeoBasis-DE/BKG [19] 2012
information on land use in vector data format

Administrative areas  Administrative areas of Germany (NUTS 0-3, LAU 1-2) including population  ©GeoBasis-DE/BKG [21] 2016
figures

Geographical grid Geographical grid of Germany with a raster cell size of 100 m x 100 m ©GeoBasis-DE/BKG [22] 2018

POI-Bund Locations and additional information on schools and hospitals ©GeoBasis-DE/BKG [23] 2018

OSM buildings OpenStreetMap buildings dataset Geofabrik GmbH, OpenStreetMap, and 2018

contributors [24]
Census 2011 Small-scale (raster cells, 100 m x 100 m) population statistics for Germany  Destatis (Federal Statistical Office) [25] 2015
Residential sector necessary to determine the number of inhabitants for

The heat demand of residential units on a municipal
level was assessed using building stock grouped by build-
ing type (single family dwelling, townhouse, etc.), year of
construction, and municipality. This data was extracted
from the 2011 census database [27]. We multiplied the
number of buildings, divided into building class and mu-
nicipality, by the corresponding heat demand in kWhy,/a
and respective residential unit, derived from the German
building typology of IWU 2003 [28]. Additionally, we
took an average annual domestic hot water demand of
500 kWhy, per capita into account, based on the munici-
pal population on December 31, 2011 [27]. The overall
methodology of assessing the heat demand is discussed
in more detail in Baur et al. [20].

Within the ATKIS Basis DLM, the utilization of a
given area is defined by unique codes related to object
type. Subsequently, we selected all objects that are
assigned to the residential sector including the object
types 2102 (dwelling), 2111 (residential area), and 2113
(area of mixed use). These objects were then labeled as
residential area objects (RAO) and are hereinafter re-
ferred to as such. All other objects (e.g., parks, bodies of
water, train tracks, and stations) were no longer consid-
ered in the model and were therefore removed from our
analysis. We then calculated the residential area factor
(RAF), which represents the share of each individual
RAO in the total residential area of the municipality,
with

A
RAF = RAO (1)

Atotal residential area

where RAF is the residential area factor, RAO is the
residential area object, and A is the area (m?).

Since the heat demand in the residential sector also
depends on the number of inhabitants per area, it was

each RAO individually. To do so, we used population
data from the 2011 census which is available in a nation-
wide grid with raster cell sizes of 100 m x 100 m? [25].
The geodata for the grid is provided by the German Fed-
eral Agency for Cartography and Geodesy (BKG) [22].
We intersected the RAOs with the population data and
calculated the population figures per RAO®. Subse-
quently, we determined the population factor (PF),
which is the ratio of any given RAO to the municipality’s
total population with

Inhabitants per RAO

PF =
Inhabitants of municipality

(2)

where PF is the population factor and RAO is the resi-
dential area object.

In the next step, we calculated the RAO-specific heat
demand using the heat demand per municipality pro-
vided by IZES in combination with the previously intro-
duced factors RAF and PF. For RAOs containing
information on the number of inhabitants, the specific
heat demand (Q) is

QRAO = Qmunicipality x PF (3)

where Q is the heat demand (GWhy/a), PFis the
population factor, and RAO is the residential area
object.

For RAOs with missing information on the number of
inhabitants it is

To protect privacy, grid cells with one person are identified as grid
cells without persons and grid cells with only two persons are
identified as grid cells with three persons [29].

375% of the residential area objects are covered by grid cells with more
than one inhabitant.
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QRAO = Qmunicipality*RAF (4)

where Q is the heat demand (GWhy,/a), PF is the resi-
dential area factor, and RAO is the residential area
object.

Finally, the heat density (kWhe,/m?a) was determined
for each RAO by dividing the RAO-specific heat demand
(GWhy,/a) by its area.

HDo = <QRAO) (5)

Aprao

where HD is the heat density (kWhy/m?a), Q is the
heat demand (kWhy,/a), A is the area (m?), and RAO is
the residential area object.

The result is a dataset for the whole of Germany with
very detailed spatial information on the heat demand
and heat density of residential areas.

TCS and industrial sector

The heat demand of the industrial sector on a district
level (NUTS 3) was estimated by multiplying the num-
ber of employees in the manufacturing sector® by the
corresponding average heat demand per employee and
industry derived from the national statistic on industrial
energy demand [31, 32]. Due to the lack of correspond-
ing data for the TCS sector, we determined the heat de-
mand of the TCS sector by using the gross added values
of the related economic sectors® [33]. They were multi-
plied by the average heat demand of the corresponding
sectors derived from the reference scenario, which is de-
scribed by Kirchner et al. [34]. In order to also deter-
mine the heat demand of both the TCS and industrial
sector on a municipal level (LAU 2), we multiplied the
calculated heat demands by the ratio of the number of
employees at a municipal and district level [35].

As with the residential sector, the DLM was the basis
for modeling the heat demand for the TCS and indus-
trial sectors. Here, we used the object types “Industrial
and commercial area” (2112) and “Area with special
functional characteristics” (2114). We recognized that
the DLM alone is only partially suitable for spatially
modeling the heat demand of industrial and TCS areas.
There are numerous objects (areas) assigned in the clas-
sification 2112 that have not been developed, as well as
objects which do not have actual heat demand, like land-
fills or substations. To exclude such areas from the as-
sessment, we added the OpenStreetMap (OSM)
buildings dataset to the model [24]. During the modeling
process, we only considered the DLM objects which

*The manufacturing sector includes the economic sectors classified by
WZ08-10 to WZ08-33 according to the German Classification of Eco-
nomic Activities, 2008 edition [30].

®Meant here are all economic sectors except the manufacturing sector.
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intersect with the OSM buildings dataset. We then cre-
ated new area objects by calculating minimum boundary
polygons around the buildings inside the objects classi-
fied as 2112 and 2114 and labeled them as “TCS area
objects.” Analogous to the residential sector, we then
assessed an area factor for those TCS areas and assigned
them their object-specific heat demand (GWhy,/a) and
heat density (kWhy,/ m?a).

The quality of the DLM dataset varies strongly for ob-
jects within object type 2112. Only the federal states of
Brandenburg, Berlin, Saarland and Hamburg provide de-
tailed information about how an area is actually used,
e.g., for industrial purposes or for commercial functions
like trade or storage. We were only able to distinguish
between the heat demand for the industrial sector and
the TCS sector in these states. Since no distinction could
be made in the other states, we used the combined heat
demand of the industrial and the TCS sector to model
the heat demand of TCS areas.

Large individual heat consumers

We identified four categories of LIHC which are particu-
larly suited for DHNs fueled by heat generated from bio-
mass: schools, hospitals, public outdoor swimming
pools, and commercial greenhouses [26]. For the cat-
egories “schools” and “hospitals,” we used the POI-Bund
Dataset which contains both spatial and content-related
information on schools and hospitals such as the num-
ber of students per school or the number of beds per
hospital [23].

For the category “public outdoor swimming pools,” we
used the DLM which contains outdoor swimming pools
(object type 2345). The values for heat demand per
square meter of water surface vary in the literature be-
tween 280 kWhe,/m’a and 700 kWhg,/m?a [36, 37]. In
order to define an appropriate value for our model, we
evaluated municipal energy reports on ten public out-
door swimming pools and used the mean value of 435°
kWhg,/m?a.

The spatial information for the category “greenhouses”
has been extracted from the OpenStreetMap buildings
dataset. As this dataset does not contain any information
on whether a greenhouse is used commercially, we have
set the threshold of 100 m?> floor space’ as an indicator
for this.

The heat demand for each object of those four cat-
egories was determined on the basis of object-specific
key figures and object-specific reference units. Those
key figures and their respective reference units are

For the original values see [38—45]
"We assumed that the floor space of privately used greenhouses does
not exceed 100 m>.
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Table 2 Heat demand key figures of large individual heat consumers

Type Count Reference units ~ Heat demand Comment
for heat demand (kWhy/reference unit*a)

Schools and 33,577 No. of students @ 542 [46] The data on the number of students is incomplete for 4220 objects. In such

vocational colleges cases, we used the median heat demand of all schools: 0.116 GWhy./a

Hospitals 2217 No. of beds @ 27,320 [46] The data on the number of beds is incomplete for 413 objects. In such
cases, we used the median heat demand of all hospitals: 499 GWhy/a

Public outdoor 4803 m? water surface @ 435 Value for heat demand is taken from municipal energy reports on heat

swimming pools demand of public outdoor swimming pools

Commercial 14,868 m’ @ 103 [47] Minimum floor space of 100 m?

greenhouses

shown in Table 2. This enabled us to model the heat de-
mand for a total of 55,465 individual objects.

Assessment of the BEP-specific heat sales potential

To determine the BEP-specific heat supply potentials, we
looked at two different options on how BEPs can feed heat
into a potential DHN. The spatial and technical informa-
tion needed to do this was taken from the DBFZ bioe-
nergy plant database. This database is continuously
updated and contains detailed information on BEPs in
Germany. It is based on information which the Federal
Network Agency (Bundesnetzagentur, BNetzA) publishes
on BEPs as part of the German Renewable Energy Act
(Erneuerbare Energien Gesetz (EEG)) remuneration
scheme and explained in more detail in Scheftelowitz
et al. [18]. It is not possible to derive from the data
whether a BEP already feeds into a DHN or not. For the
following analyses, this aspect is not taken into consider-
ation. It is also not possible to determine from the BEP
database whether a BEP is actually a production unit or if
it is a satellite CHPU which cannot be operated independ-
ently of its production unit. For this reason, all investi-
gated BEPs are considered to be production units, an
assumption which distorts the actual situation.

Distance-related heat supply scenarios

To determine the plant-specific tHSP, we looked at two
different design options for DHNs: A and B. These are
defined as follows: in Option A the heat produced at the
BEP site is transported to the consumers via a directly
connected local heating network, whereas in Option B
biogas is transported via a raw biogas pipeline to a
CHPU located directly on the site of the heat sink and
the DHN commences at this point. Since the way heat is
transported in Option A involves losses of up to 10%,
the heat sink must be located in the immediate vicinity
of the BEP [48]. The minimum overall heat density for a
DHN in year-round operation is defined by the Quality
Management (QM) system of the German/Swiss initia-
tive “QM Holzheizwerke” as being 2 MWh/line meter
and year [48]. In a comparable calculation for a region
in Rhineland-Palatinate made in 2010, IZES and the

Institut fiir Energie- und Umweltforschung (ifeu) [49]
stated that there should be a heat sink within a radius of
1000 m around a BEP to reach this value. Daniel et al.
[50] found a higher figure for the whole grid and con-
cluded that losses must not exceed 20% to ensure suffi-
cient profitability. Losses up to this value occur with
total grid lengths of between 1000 m and 5000 m and
depend on the capacity of the respective CHPU [50].
Taking this assumption into account, we defined for our
model a maximum distance of 1500 m between the BEP
and the heat sink. This option is applicable for all BEPs.

Option B is applicable for biogas plants only. Since
biogas can be transported over longer distances with
only minor losses, the distance between the heat source
and heat sink can be greater for this option. Obviously,
this distance depends again on the capacity of the instal-
lation. IZES and ifeu [49] reported that BEPs with an in-
stalled capacity of 500 kW, can reach a distance of up
to 5000 m for raw biogas pipelines without losing their
economic feasibility [49]. In our case, we followed the
assumption of this maximum distance between BEP and
heat sink (5000 m) even though the mean value of the
installed capacity of biogas plants throughout Germany
is only 435 kW [51]. A visual illustration of the two op-
tions for district heating networks under consideration is
provided in Fig. 2.

To identify the plant-specific heat sales potential, we
then used the spatial information on BEPs from the
DBFZ bioenergy plant database and conducted a spatial
query into whether there are suitable heat sinks at the
respective distances. For residential areas and TCS areas,
we defined that the minimum heat density® of the near-
est heat sink has to be higher than 50 kWhg,/m? x a’ in
order to be suitable for the DHN design options pre-
sented above. For the LIHCs, we did not define such a
precondition, but instead considered the total heat de-
mand of the respective LIHC.

®Heat density is a function of the area (m?) of a heat sink and its
annual heat demand in kWhy,

%50 kWh/m?a can be regarded as the minimum heat density required
for a local heating network [52].



_

Steubing et al. Energy, Sustainability and Society (2020) 10:14 Page 7 of 23
g

Option A:

Residential areas Option A: DHN starts at BEP site, search radius 1,500 m

i 2%
Heatdensity kKWh/m*=a ® Bioenergy plants (all types)
- <5
. No matching heat sink in search radius
s
() Heatsink with min. 50 kWh/m? within search radius 1,500 m
IO
Option B: Raw biogas pipeline to CHPU located at heat sink,
Ij >50-100 DHN starts from there, searchradius 1,500 m - 5,000 m
- >100 0] Biogas plants
@ Heat sink with min. 50 kWh/m?*a within

|:J Municipal borders search radius 1,500 m - 5,000 m

Data basis: IZES / Wuppertal Institut / Fraunhofer UMSICHT 2015 (data modified), © Statistisches Bundesamt

2015, DBFZ 2018

Map basis: © GeoBasis-DE / BKG 2012 (data modified)

Cartography: Michael Steubing (UFZ) 2018

Fig. 2 District network options for bioenergy plants
Categorizing the heat supply potential using line density Qrao
; LDF = | ——=— | x 500 kWh/a 6

modeling D x NLF / (6)

So far in the spatial modeling approach, all heat sinks
with a corresponding heat density of 50 kWhe,/m?a in
the vicinity of the respective BEP are initially selected as
potential heat sinks. However, the gross heat demand (in
GWhy,/a) of the heat sink can be insufficient for achiev-
ing an economically viable DHN. Therefore, the spatial
model required enhancement. To do this, we introduced
the line density factor LDF. This factor represents the
ratio of the heat demand of a heat sink in relation to the
total potential network length and the funding condi-
tions of the German Kreditanstalt fiir Wiederaufbau
(KfW) for DHNs in Germany'® and was calculated as
follows:

19The German Kreditanstalt fiir Wiederaufbau (KfW) is Germany’s
largest development bank and grants loans to construct DHNs. In
return, the bank demands a minimum yearly heat turnover of 500
kWhyp/a per line meter [53].

where LDF is the line density factor, Q is the heat de-
mand (kWhg,/a), D is the linear distance bioenergy
plant-heat sink (m), NLF is the network length factor,
and RAO is the residential area object.

We assumed that if the annual heat demand of a given
heat sink was unable to generate the required heat turn-
over of 500 kWhy, per line meter [53], it was highly un-
likely that a DHN would be built. This much more
simplified method is a suitable way to eliminate inad-
equate heat sinks from the model. Values for a line
density factor below 1 indicate that the annual heat
turnover of a potential DHN would be too low. All heat
sinks with a line density factor < 1 were therefore ex-
cluded from the model, which subsequently only con-
tained heat sinks suitable for DHNs.

In order to determine the line density factor, it is ne-
cessary to know the total length of the DHN. Within the
GIS model, however, only linear distances from the heat
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source to the potential first consumer are known. The
total network length must be estimated. For this pur-
pose, we introduced the network length factor NLF. It
describes the ratio of the total network length of a DHN
to the distance between the heat source (the BEP) and
the initial heat consumer and was calculated using For-
mula 7.

Ltot.
NLF =
D

(7)

where NLF is the network length factor, Ly, is the
total network length (m), and D is the linear distance
bioenergy plant to heat sink (m).

The NLF had to be assessed empirically. For this pur-
pose, we analyzed 20 existing biomass-fueled DHNs for
which the total network length is known [54-67]. We
measured the distance between the heat-generating plant
and the potential first consumer of these DHNs and cal-
culated the NLF. Our data on the respective DHNs only
includes cases where the distance between the plant and
the first consumer is less than 500 m. For these systems,
the median value of the NLF is 26.1."' For systems
where there is a distance > 500 m between the heat
source and the initial consumer, which occurs in our
GIS data, the NLF was determined with the correspond-
ing degression (see Fig. 3).

Figure 4 illustrates the correction process described
above. If heat sink 1 is located within the search radius
of 1500 m around a BEP and has a heat demand of 1.9
GWhy,/a then, to develop the area, the heating network
would have to be 6500 m long (assumption). However,
to receive financial support, an annual heat turnover of
at least 3.25 GWhy, (6500 m x 500 kWhy,/a = 3,250,000
kWh/mxa) is required. Heat sink 1 does not have a

""The original values for the total network length, the linear distance
from the BEP to the potential first heat customer and the resulting
NLF can be found in Table 11 in the Appendix.

sufficient heat demand to operate the DHN economic-
ally and can therefore not be considered suitable for a
local heating network (line density factor < 1). Heat
sinks 2 and 3, on the other hand, have a sufficient heat
demand and can therefore be considered for a DHN
(line density factor > 1).

Economic viability of heat sales potential

This section presents the methodology used for asses-
sing the economic heat sales potential (eHSP), since a
second objective of this study was to evaluate the eco-
nomic viability of the specific heat supply potential of
the current German BEP stock. Here, the same dataset
for BEPs was used as shown in Table 1.

Even though this study aimed to gain initial insights
into the market potential of heat as a by-product of elec-
tricity generation, a full techno-economic feasibility as-
sessment was not within the scope of our study. In our
approach, economic viability depends on the potential of
heat sales (demand/supply) and the associated estimated
costs for heat distribution infrastructure (pipelines, peak
load boilers, and storage facilities) as well as the earnings
from heat sales.

Evaluation scheme and main assumptions
In order to assess the eHSP, we developed an evaluation
scheme that consisted of four main steps (Fig. 5). We
first established individual BEP-heat sink relationships
(Step 1) and then derived relevant indicators based on
plant-specific data (Step 2). Before transferring all the in-
formation onto a bigger scale (Step 3), we grouped all
the individual BEPs into clusters according to their EEG
remuneration key. This enabled us to obtain the desired
overview of the German BEP stock without compromis-
ing plant-specific data and provided the basis for the
final economic assessment (Step 4).

In addition to the information on location and the re-
lated potential heat demand from spatial heat demand
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Fig. 4 lllustration of the model correction using the line density factor

Sufficientannual heat
demand for a DHN,
line density factor > 1

Insufficientannual heat
demand for a DHN,
line density factor < 1

modeling (see above), we used energy-related BEP inven-
tory data (Table 3) obtained from two databases: publicly
available data published by the German Federal Network
Agency (BNetzA) and datasets retrieved from annual
plant operator surveys by the DBFZ (see [51]).

In this approach, we assumed four factors to be deter-
minant for the economic viability of heat sales from
BEPs (Table 4). Whereas the distance between the heat
sink and the BEP (1), the type of heat sink (2) and the

heat supply-demand ratio (3) all govern the choice and
size of the heat distribution infrastructure (pipelines,
peak-load boilers, and storage facilities), the heat market
price (4) ultimately determines income from heat sales.
Other factors (e.g., local conditions underground which
influence the excavation costs or regional differences be-
tween temperature profiles) may also have an influence
on economic viability but their consideration would go
far beyond the scope of this study.

Single plants

O ®

Cluster

©)

Prioritize by: Derive & calculate:

Transfer indicators:

I. distance < 1,500 m ———— | - plant-specific indicators |——»{ - based on FQ
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? I E @
1 1 ]
1 ! H
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Abbreviations
7CS: trade, commerce, services (sector) Qsrc heat supply (source) CURmax: maximum cogeneration utilization rate

RA: residential area
NRA: non-residential area (public, special use)
TyHS: type of heat sink (TCS, RA, nRA)

Qsnk heat demand (sink)

FQ: Q-factor (Qsrc/Qsnk)

Fig. 5 Scheme to evaluate economic heat sales potential of BEPs in Germa
their transfer to a bigger cluster scale (3), and their economic evaluation (4)
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heat-pipeline capacity factor
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ny, from prioritization (1) to derivation of plant-specific indicators (2),
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Table 3 Mean cluster-specific energy (supply) capacities based on BEP-specific values from German inventory data

Cluster Main-Group inst. cap. (el) inst. cap. (th) gross heat p.a. net heat p.a.

Unit n [-] [kw] [kw] [MWh] [MWh]

biogas plant - slurry 75kW 1 biogas 70 88 672 403
biogas plant - (slurry) 150kW * 2 (slurry) 115 138 866 598
biogas plant - energy crops 250kW 3 215 244 1,712 1,181
biogas plant - energy crops 500kW 4 biogas 493 544 3,854 2,698
biogas plant - energy crops 750kW 5 (energy crops) 726 763 4,737 3,363
biogas plant - energy crops 1,000kW 6 1,315 1,315 5,927 4,446
biogas plant - residues 750kW 7 ' 461 484 1,976 1,502
biogas plant - residues 1,000kW 8 (reszZi:; 1,140 1,140 4,607 3,455
biogas plant - residues 2,000kW 9 1,500 1,427 5,779 4,276
waste wood power plant 10,000kW 10| CHP (waste wood) 11,727 27,469 172,678 172,678
wood powered CHP 50kW 11 39 94 376 376
wood powered CHP 250kW 12 270 559 2,533 2,533
wood powered CHP 2,000kW 13 CHP (wood) 1,384 4,568 21,928 21,928
wood powered CHP 5,000kW 14 5,233 12,558 69,737 69,737
wood powered CHP 10,000kW 15 11,889 21,796 117,207 117,207
wood powered CHP 20,000kW 16 CHP (paper pulp) 30,216 26,275 117,941 117,941
vegetable oil CHP 250kW 17 | CHP (vegetable oil) 124 140 337 337
biomethane CHP 50kW 18 33 59 205 205
biomethane CHP 250kW 19| CHP (biomethane) 272 299 1,482 1,482
biomethane CHP 1,000kW 20 1,192 1,250 5,829 5,829

Net heat production is taking auxiliary power requirements into consideration
*Cluster 2 does not solely use slurry but a mix of different substrates

Steps 1-3: assessment indicators

In the first step of this evaluation scheme (Fig. 5), we
used the spatial and energy-related information (derived
from the above presented assessment of tHSP) to estab-
lish single BEP-heat sink relationships. We assumed spe-
cific heat delivery costs would decrease (economies of
scale) as potential heat demand increased. Therefore, we
linked each BEP to a single heat sink within a radius of
1500 m (Option A of the DHN design options) that had
the highest potential heat demand (see Fig. 4 for an illus-
tration). Since we expected that heat distribution costs
would significantly affect economic viability, we ex-
cluded the option of exploring a larger radius or possible
connections between multiple producers and consumers
We deliberately excluded biogas plants with potential

heat sinks within a radius of 1500-5000 m and the con-
struction of a raw biogas pipeline from this assessment
(Option B of the previously described DHN design op-
tions). Also, our methodology is only suitable for a 1:1
ratio between BEP and heat sinks, so we were unable to
incorporate cross-linked networks.

We operationalized the BEP-heat sink relationship by
introducing the “Q-factor” (FQ) which is heat demand
(Qsni) divided by net heat production (Q,.) (Formula 8).
Furthermore, we decided to use this indicator as a main
reference point for the economic assessment.

_ ank
erc

FQ (8)

Table 4 Key determinants for assessing the economic feasibility of BEP heat sales potential (eHSP)

Determinants Effects on the BEP heat sales potential

1 Location (distance)
(investment costs).

2 Type of heat sink (TyHS)

The distance between a BEP and a potential heat sink determines the required length of heat pipelines

Seasonal fluctuations and peaks in the heat demand vary depending on the type of heat sink (heat load profiles).

Peaks and troughs in heat demand might justify the use of peak load boilers (PLB) and heat storage facilities (HST).

3 Heat supply-demand ratio
(FQ

4 Heat price at the point of

sale (Chopos) market price for heat.

Heat distribution infrastructure needs to fit the given supply-demand ratio (transmission capacity) which also deter-
mines the potential earnings from heat sales.

The additional income expected from heat sales depends not only on the distribution costs but also on the
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Table 5 Construction of synthetic heat load profiles

Page 11 of 23

Type of heat sink Type of heat load profile

Description

Residential sector “Single dwelling”, see [68]
TCS/industrial sector

LIHC “Laundry”, see [68]

Weighted average of 10 TCS-load profiles from [68]

Used for settlements
Used for TCS heat sinks as a blend of different TyHS

Used for LIHC like public outdoor swimming pools,
greenhouses, schools, and hospitals

where FQ is the heat source-sink-ratio, Qg is the heat
demand of a heat sink (GWhy./a), and Q. is the net
heat production of BEP (GWhy,/a).

To refine this assessment, we considered seasonal fluc-
tuation in heat demand depending on the characteristics
of the type of heat sink (TyHS). Here, we distinguished
between three TyHS for which we created synthetic heat
load profiles according to a methodology that was pre-
sented by [68] (Table 5). For reasons of simplicity, we al-
located the annual heat demand over the course of a
year (8760 h) and decided not to create regionally expli-
cit heat load profiles but to use only one climate refer-
ence dataset (weather station in Potsdam [69]).

In the second step of the evaluation scheme (Fig. 5),
we extended the plant-specific data and derived other in-
dicators that influence the economic viability of heat
sales, ie., the maximum cogeneration utilization rate
(CURax) and a heat pipe capacity factor (Fy).

The maximum cogeneration utilization rate (CUR,,,)
indicates how much of the BEP’s gross heat generation
could be sold on the market, taking into account a sea-
sonal fluctuation in heat demand. For reasons of simpli-
city, we do not consider flexible operation of BEPs but
assume 24-h operations that result in a constant heat
supply at full capacity (net heat production) throughout
the year. When both power and heat have to be consid-
ered at a temporal resolution, the analysis becomes

much more complex. We focused on varying heat de-
mands and used heat load profiles, we had generated
previously (Table 5) to calculate the CURp,, for each
TyHS and for the FQ at intervals of 0.1 until a CUR,,
of nearly 100% was reached (see Fig. 6).

Furthermore, we assumed that the investment costs of
heat pipelines depend not only on their length but also
on their diameter (heat transmission capacity). When
heat storage facilities (HST) and bio-fueled peak load
boilers (PLB) were used to supplement cogeneration and
maintain heat supply, we also needed to adjust the heat
pipeline diameter accordingly. Therefore, we introduced
a heat pipe capacity factor (Fy), defined as the ratio of
net heat supply to annual peak loads as observed in the
generated load profiles (Table 5).

In the third step of the evaluation scheme (Fig. 5), we
transferred the single-source sink-related data to the
cluster level by aggregating the previously gathered in-
formation (FQ, CUR,,.» Fu) and the cluster-related in-
formation (Table 3). To do this, we divided each cluster
into five groups each of which represented 20% of the
BEPs in the respective cluster (quintiles) and which re-
ferred to equally sized classes of FQ. The FQ values
assigned to each previous BEP-heat sink pair (Formula
8) were used for this statistical division. Whereas quin-
tile 1 represents the 20% of BEPs with the smallest FQ
values, quintile 5 represents the 20% of BEPs with the

100%

80%

60%

CURmax [%]

40%

20%

0%

----- single dwelling

===-TCS / industry

Fig. 6 Maximum cogeneration utilization rate (CURmax) in relation to FQ for three types of heat sinks (TyHS)

25 3 35 4 45 5
FQ[-]
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largest FQ values. Using this approach, we then assigned
each BEP-heat sink pair to a cluster quintile and calcu-
lated the arithmetic mean of the CUR,,,,, and Fy.

Step 4: economic assessment

In the fourth and final step of the evaluation scheme (Fig.
5), we assessed the economic heat sales potential (eHSP) of
German BEPs for all cluster quintiles based on the previ-
ously generated dataset. The remainder of this section will
describe how we calculated the capital expenditures
(CAPEX) for the heat distribution infrastructure and how
we related these costs to expected earnings from heat sales.

The CAPEX in this assessment included investment
costs such as annuities for heat pipelines, peak load boilers
(PLB), and heat storage facilities (HST). For all cost calcu-
lations, we fixed the interest rate at 5% and assumed no
price increase during a depreciation period of 15 years for
PLBs and HSTs, and 25 years for heat pipelines. As a re-
quirement for heat sales from BEPs, we first calculated the
CAPEX for heat pipelines for all BEP-heat sink pairs.
Then, we defined the PLBs and HSTs to those pairs that
fulfilled a specific set of criteria (Table 6) and calculated
the additional CAPEX from using them (including fuel
costs for PLB). Finally, we calculated the mean CAPEX for
each BEP cluster quintile and added the expected earnings
from heat sales. Hence, we determined the economic via-
bility of heat sales from German BEPs, including add-
itional earnings from using PLBs and HSTs.

To calculate the CAPEX for heat pipelines (Cpipe), we
derived specific pipeline costs and multiplied them by
the length of the heat pipelines required to connect each
BEP with a heat sink (Formula 9). We introduced a cor-
rection factor (CF) to account for the fact that a heat
pipeline will need to deviate from a direct line in order
to overcome infrastructural barriers like residential
areas, roads, or rail lines. We multiplied this CF by the
distance between each BEP and heat sink to derive the
required pipeline length (Formula 9). However, we did
not consider the local distribution and transmission in-
frastructure that would be required, e.g., for district
heating in residential areas [70].

Lt =D x CF 9)

where Lt is the length of a heat pipeline that is equal
to the distance between a BEP-heat sink pair (Step 1,
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Fig. 5) multiplied by a correction factor (CF). CF is equal
to the square root of 2 which results from applying the
Pythagorean theorem. Streamlining deviations, we di-
vided the alternative way (the sum of the two legs of a
right-angled triangle) by the direct distance between the
BEP and heat sink (hypotenuse).

Cpipe = (CT + CC) X Lt (10)

where Cpi,e is the cost of the heat pipeline calculated
for each BEP-heat sink pair (Step 1, Fig. 5). Ct is the
cost of the heat pipelines per meter (as a function of Py,
and Fy). C. represents other construction-related costs
per meter (underground work and planning), and L is
the length of heat pipeline (m).

Serving peak loads or storing heat in times of low de-
mand might be economically reasonable if the expected
additional earnings outweigh the additional CAPEX for
HSTs and PLBs (including fuel costs for a PLB). Further-
more, the use of HSTs and PLBs would have an impact
on the CAPEX for heat pipelines, affecting the required
heat transmission capacity (diameter). We therefore
established a set of rules for three different heat market-
ing concepts based on the level of FQ (Table 6). Accord-
ing to these rules, we decided whether to use peak load
boilers (PLB) and/or heat storage (HST) for each BEP-
heat sink pair and adjusted the required heat pipeline
capacity accordingly.

Following a “full supply” marketing concept, we used
HST and PLB and placed them close to the source (here
the BEP). By adapting the pipeline capacity, all peak
loads of heat could be potentially served via the heat
pipeline (FyxP,). The “basic supply” marketing concept
differs as it prescribes only the use of an HST. Due to
periods of peak demand, heat pipelines should be able to
transport heat produced by the BEP and discharge the
capacity of the storage. We therefore proposed that a
heat pipeline’s capacity should be double the value of
the BEP’s thermal capacity (Fy = 2) while both the
charge and discharge rates are equal to the BEP heat
capacity. The “full feed-in” option assumes there is no
need for a PLB or HST so that we based the transmis-
sion capacity of the pipelines solely to the BEP’s capacity
(F tk = 1)'

In addition to considering the use of PLB and HST for
the “full supply” and “basic supply” concepts, we

Table 6 Rules for deciding on the heat sales marketing concept based on the FQ

Range of Q-factors FQ <15 15<FQ<5 FQ>5
marketing concept full supply basic supply full feed-in
heat storage facility yes yes no
peak load boiler yes no no
heat pipeline capacity Qsnk 2% Qsrc Qsrc
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optimized their size aiming to find the most cost-
efficient combination of both. For this purpose, we used
a cost function (Formula 12) that builds upon an
optimization approach which suggests that the invest-
ment costs for HST and PLB depend on their volume
and power capacity [71].

The optimization approach for an ideal combination
of PLB and HST is described in [71]. Here, we only
accounted for the different heat load profiles for each
quintile in every cluster (based on the previous TyHS
and CUR,,,,) in order to find minimum overall costs.

Copt. = f(V) + f(P) + (Ctuel—Charos) X Py— min  (12)

where Cope is the cost optimum, f(V) and f(P) are
functions of the CAPEX for HSTs and PLBs [71] and Py,
is a cluster’s power capacity (see Table 3), Cg, repre-
sents fuel costs and Cpgpos is the heat price at the point
of sale. For simplification purposes, we fixed the poten-
tial heat losses from heat storage at a value of 10%, the
PLB efficiency (1) at 85%, the Chgpos at 50 €/ MWhy,
and the Cg at 30 €/ MWhy,.

We are aware of the fact that we created an inherent
incentive to use PLB (Cj@pos > Cyuer) and real prices for
heat would be influenced by many factors such as the
locality, market characteristics, and the type of heat
sink. For instance, factors that affect local demand for
heat from BEPs include existing access to the gas grid,
availability (and abundance) of solid biogenic fuel (from
wood), and a fossil-fueled heat source that is already
connected to existing heat pipelines. However, due to
the scope of this study, we did not specify and adjust
the calculations to these factors. Finally, we determined
the economic heat sales potential (eHSP) from German
BEPs for all the cluster quintiles by calculating the
annual heat sales potential in terms of heat earnings
(Esale) (Formula 13) minus the financial expenditure for
heat distribution (PLB, HST, and heat pipelines)
(Formula 14).
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Egile = Charos X Win X CURpx (13)

where Eg. is the annual heat earnings (€), Chgpos is
the price of heat at the point of sale fixed at 50
€/MWhy,, Wy, is the net heat production (Table 3), and
CURax is the maximum cogeneration utilization rate
for each BEP cluster quintile.

eHSP = Ege~Copt—Cpipe (14)

where eHSP is the economically viable heat sales po-
tential, Egye is the annual heat earnings (€), Cope. is the
cost optimum, and Ci,p. is the cost of heat pipeline from
BEP to heat sink (€).

Since we considered mainly heat as a by-product of
electricity generation, we divided the eHSP (Formula 14)
by the current electricity generated by the German BEP
stock (as kWh of electrical power per BEP cluster [51]).
This enabled us to compare the option of heat sales to
other CHP options.

Results

The outcomes of this study can be divided into three
categories. Firstly, the spatially explicit heat demands for
different relevant sectors, secondly the heat sales poten-
tial of the BEPs as a whole and on a plant-by-plant basis,
and finally the estimation of the valuable heat sales
potential.

Spatially explicit data on heat demand

As a result of the previously described modeling process,
spatially explicit data is now available on the heat de-
mand of various types of heat sinks (residential, TCS
and industrial, large individual heat consumers) at a sub-
municipal level for the whole of Germany. The data in-
cludes the type of heat sink (residential area objects,
TCS/industrial area objects, LIHC), their gross heat de-
mand in GWhgy,/a and their heat density in kWhg,/m?a.
Table 7 lists the residential area objects and TCS/

Table 7 Number of residential area objects and TCS/industrial area objects classified by their heat density

Residential area objects

Heat density (KWh,/m?a) <5 > 5-25 > 25-50

No. of objects in class 93,738 327,011 107,322
TCS/industrial area objects

Heat density (KWh,/m?a) <25 > 25-50 > 50-100

No. of objects in class 3291 6847 19,086

> 50-100 > 100 Total Potential suitability for DHN
(> 50 KWhy/m?a)
Count %
25,718 12,669 566,458 38,387 6.8
> 100-200 > 200 Total Potential suitability for DHN
(> 50 KWhy/m?a)
Count %
33,670 43,918 106,811 96,674 90.5
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industrial area objects based on their heat density. Here,
the data indicates a clear difference between the two
types of heat sinks. TCS/industrial area objects show a
generally higher heat density than residential area ob-
jects. This is particularly noticeable in the number of ob-
jects with a heat density higher than 50 kWhg,/m?a (the
previously defined minimum heat density for a DHN).
The vast majority (91%) of the TCS/industrial area ob-
jects have a heat density above this value; 41% even ex-
hibit values of more than 200 kWh/m?a. For the
residential area objects, on the other hand, only approxi-
mately 7% of all objects have a heat density of 50
kWhg,/m?a or higher. Almost 75% exhibit heat density
values of less than 25 kWhy,/m?a.

A visual representation of this data for the categories
residential sector and TCS/industrial sector is presented
in Fig. 7. This section of a city depicts how the variations
in urban fabric produce different values for heat density,
making them either more or less suitable for district
heating networks. The inner-city areas show higher heat
densities (usually more densely built up, more inhabi-
tants per area) whereas the outer areas exhibit lower
values (often residential areas with a less dense
development).

Technical heat sales potential

Total heat sales potential

Using the previously presented methods, we were able
to identify those BEPs which have suitable heat sinks
nearby and to quantify the tHSP per category and on the
whole. Of the total 14,236 BEPs analyzed, 52% (7383)
have tHSP. The category TCS/industrial is most domin-
ant with 5875 BEPs located next to suitable heat sinks,
which is about 80% of all plants with tHSP. Two thou-
sand four hundred twenty-nine plants have tHSP in the
residential sector and 2,096 plants could serve as heat
suppliers for LIHC. The detailed figures are presented in
Table 8.

When considering the two different options for DHNS,
Option A (DHN commencing directly at the BEP site) is
suitable for most BEPs. For the categories TCS/industrial
and LIHC, Option A is suitable for 85%, and 91%, of the
plants respectively, while Option B is only suitable for
15% and 9% respectively. In contrast, for the residential
sector, the ratio between Option A and Option B (DHN
starting from the BEP, raw biogas pipeline to CHPU lo-
cated at heat sink) is more evenly distributed. Forty-one
percent of the BEPs with tHSP could theoretically apply
Option B. This is conclusive as the previous chapter has
shown that TCS/industrial areas are better suited for
DHN s or better qualified as heat consumers, as heat de-
mand and heat density are generally higher in these
areas.
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Looking at the heat sales potential per category, a
similar picture unfolds. The overall tHSP is 153.61
TWhg,/a of which more than two-thirds (69% or 105.94
TWhy/a) correspond to the category TCS/industrial.
The residential sector accounts for 30% (46.15 TWhy,/
a), and 1% (1.52 TWhg,/a) is attributable to LIHC.

The total tHSP of 153 TWhy,/a corresponds to 17% of
the final energy demand for heating (only space heating
and hot water; reference year 2011, which is the point in
time of the IZES heat demand figures).

For the residential and TCS/industrial sector categor-
ies, this results in a proportion of final energy consump-
tion in the heating sector of 7% and 38% respectively.'?

However, this potential is not evenly distributed
among all BEPs with a DHN option. Taking into account
all BEPs for which we could determine sufficient tHSP,
and using the heat density of the respective heat sinks as
an indicator for the feasibility of a DHN, it is possible to
identify statistical hot and cold spots. The hot spots rep-
resent plants whose heat sinks have heat densities that
have a high statistical significance and are surrounded
by plants whose heat sinks have equally high heat dens-
ities. For the cold spots, the opposite is true. Conse-
quently, it is possible to identify spatial clusters of plants
which could be preferable for a heating network. Figure
8 shows all BEPs with tHSP for each category as well as
statistical hot and cold spots.

The identified hot spots point to conditions in the cor-
responding regions that tend to be advantageous for
DHNSs. In the residential sector, these include a high
population density and corresponding housing typolo-
gies (i.e., multi-story buildings) [73]. For the category
TCS/industrial, we observed hot and cold spots. The hot
spots indicate that the BEPs are close to commercial or
industrial areas with a high heat demand, whereas the
cold spots imply that the heat demand in the areas
under observation is low in comparison to surrounding
areas.

Economic heat sales potential

As described in the methodology section, we analyzed
the German BEP inventory data to estimate the eco-
nomic heat sales potential (eHSP) in a step-by-step
process (see Fig. 5). Since we limited the scope of this
study to looking at the bigger picture, we did not con-
duct regionally explicit assessments. Therefore, we ag-
gregated single plant data into a set of 20 BEP clusters
and further refined the view by splitting each cluster into
20% shares (quintiles) based on a heat source-sink-ratio

2The final energy consumption in the heating sector for space heating
and hot water (2011) was 916.1 TWhy,/a of which 631.6 TWhg,/a
were consumed by the residential sector and 281.4 TWhy,/a by the
TCS and industrial sectors [72].
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Residential areas TCS / Industrial areas Borders
Heat density kWh/m**a Heat density kWh/m?* a

* <5 % <25 |:|Municipal borders
A >5-25 2P >25-50 |
7l >25-50 © 1 >50-100

Data basis: IZES/WI/UMSICHT (2015) (data modified),
* >50-100 % > 100 - 200 © Statistisches Bundesamt 2015
Map basis: © GeoBasis-DE /BKG 2012 (data modified)
>
* 100 % >200 Cartography: Michael Steubing (UFZ) 2018

Fig. 7 Example of the heat demand of residential area objects and TCS/industrial area objects modeled at a sub-municipal level
.
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Table 8 Number of BEP with option for district heating networks and heat sales potential per category

Residential TCS/industrial Large individual heat consumers (LIHC) Total
Analyzed BEP 14,236
BEP without district heating network option 6853
BEP with district heating network option 7383°
Option A 1435 4993 1916 -
Option B 994 882 180 -
Total 2429 5875 2096 -
Heat sales potential [TWhy./a]
Option A 34.99 94.05 1.23 13027
Option B 11.16 11.89 0.29 23.34
Total 46.15 105.94 1.52 15361

?Some of the BEPs have a heat sales potential in more than one category (residential, TCS/industrial, LIHC) and are suitable for Options A and B. The number of

plants per category and option can therefore not be added up

(FQ). This ratio represents the available heat generated
by an operating BEP divided by the potential heat de-
mand of a heat sink within a maximum distance of 1500
m.

The results for all clusters and their quintiles (Q,) are
presented in Table 9 and show that for some of the
quintiles the costs for heat distribution exceed the net
earnings and vice versa. The results are quite heteroge-
neous with deficits reaching 12.8 eurocents per kWh of
electricity produced by BEPs (Cluster 18, Q,) and poten-
tial earnings of up to 16 eurocents per kWh (Cluster 10,
Qs). Heat sales could be economically viable for 78% of
the assessed BEPs but would generate deficits in 13% of
the cases. Nine percent of the BEP quintiles would not
be considered for heat distribution since they only con-
tain BEPs with no potential heat customer in their vicin-
ity (1500 m). Furthermore, heat sales seem to be
economically more viable for the upper quintiles in each
cluster (highest FQ).

One of the reasons why the eHSP in the upper quin-
tiles is higher, it is due to the fact that these mostly con-
tain BEP-heat sink-pairs with higher FQ values. Since
the quintile distribution was based on the FQ, the pro-
portion of salable heat from BEPs (waste heat) is there-
fore higher in the upper quintiles and affects the eHSP.
Once the FQ exceeds a value of 5, we assumed the max-
imum cogeneration utilization rate (CUR,,,) to be 100%
(Fig. 6). In Table 10, we can observe that the 4th and
5th quintiles show values from 92-100% for CUR,, in
all the clusters. This indicates that at least 40% of the
BEPs within each cluster can possibly supply all, or
nearly all, of their net heat production to nearby heat
sinks.

Table 9 and Table 10 also display the actual supply po-
tential of the German BEP stock. The overall exhaust
heat amount of all 20 clusters totals to a gross value of

37.7 TWhy,/a (Table 9). Taking into consideration the
different rations for CUR,,, the externally usable heat
amounts to 19.1 TWhy/a (Table 10) of which 16.3
TWhy/a could be identified economically viable heat
sales potential (Table 9).

Discussion

As the results indicate, the presented methods are a
suitable approach for determining the BEP-specific
tHSP and subsequently for estimating the eHSP. The
required data could be generated by mostly publicy
available data sources as described in the method sec-
tion. The data indicates that there is currently unused
potential especially with regard to tHSP but for eHSP
too. Most of the BEPs display positive values concern-
ing this matter, especially in the quintiles Q4 and Q5
of the 20 BEP-clusters.

The total tHSP of 153 TWhy/a corresponds to
17%'? of the final energy demand for space heating
[72]. Bioenergy plants in contrast, generate a gross
heat amount of 37.7 TWhy,/a, of which 19.1 TWhg,/a
could be used externally (net heat amount). Our re-
sults show, that the economically viable supply poten-
tial of 16.3 TWhy,/a (see Table 9) almost covers the
net heat generation.

According to most recent energy statistics, biogas
plants already generate heat in an order of 15.5 TWhy,/a
[10]. We estimate that the economical heat sales poten-
tial for those clusters of plants would be about 11.2
TWh. Thus, assuming that co-generated heat is not
solely used for space heating, the order of the calculated
potential is closely related to the recent amount. The

1*As previously mentioned, this is the figure for 2011. Latest energy
statistics (2018) state an energy demand for space heating and hot
water of 764.4 TWhy,/a [74]. In this case tHSP corresponds to 20%.
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TCS/Industrial sector

BEP with heat sales potential
[J Cold Spot - 99% Confidence
[ Cold Spot - 95% Confidence
Cold Spot - 90% Confidence
. Not Significant
Hot Spot - 90% Confidence

[ Hot Spot - 95% Confidence

Data basis: IZES/WI/UMSICHT (2015) (data modified),

© Statistisches Bundesamt 2015, DBFZ 2018, own calculations
Map basis: © GeoBasis-DE /BKG 2012 (data modified)

E— Federal State borders Cartography: Michael Steubing (UFZ) 2019

(] Hot Spot - 99% Confidence

Fig. 8 Statistical hot and cold spots of bioenergy plants with tHSP in relation to the heat density of their nearest heat sink
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Table 9 Annual heat sales potential: net earnings minus annuity of distribution costs

Cluster Specific heat sale balance [Ct/kWhel]
n Q1 Q2 Q3 Q4 Qs
1* 0.0 1.0 -2.0 -0.6 -1.5
2* 0.0 0.5 4.0 -4.4 0.4
3* 0.1 -0.6 14 2.1 23
4* -0.4 0.3 19 2.9 3.1
5 -0.3 0.3 23 3.0 3.0
6* -0.4 0.6 2.8 3.2 33
7 0.2 1.0 2.4 2.0 2.8
8* 0.0 0.2 3.2 3.2 3.2
9* 0.8 19 2.1 2.1 19
10 0.4 7.3 11.5 11.6 11.6
11 0.0 1.7 =99 -5.2 2.7
12 0.0 -1.1 3.6 7.4 9.1
13 0.0 3.6 13.6 15.6 16.0
14 0.4 4.5 10.9 11.9 11.9
15 0.0 4.6 8.6 9.1 9.2
16 0.0 3.3 3.9 4.3 4.3
17 0.0 14 -2.3 5.7 5.7
18 1.2 -12.8 9.0 9.0 9.0
19 0.3 2.5 4.0 3.8 4.1
20 0.9 4.3 4.7 4.9 4.9
2Q1-Q5
St [TWh] 05 4.0 6.2 5.7 2.6 19.1
*biogas [TWh] 0.3 1.9 4.0 4.2 2.2 12,5

Cluster Economic heat sale potential (eHSP) [GWh]

n Q1 Q2 Q3 Q4 Qs

1* 0 51 0 0 0

2% 0 0 0 0 1

3* 69 0 1,969 1,880 953

4* 0 521 1,217 1,489 786

57 0 198 478 457 271

6* 0 110 220 256 117

7 5 24 24 25 12

8* 0 3 15 4 3

9* 18 10 2 1

10 33 201 250 50 45

11 0 25 0 0 24

12 0 0 83 110 62

13 0 187 229 346 104

14 10 37 82 42 13

15 0 9 11 14 8

16 0 2 1 1 2

17 0 246 0 457 56

18 96 0 388 77 14

19 22 414 264 161 59

20 104 297 215 198 45

2Q1-Q5
SeHSP[TWh] 0.4 2.3 5.5 5.6 2.6 16.3
*biogas [TWh] 0.1 0.9 3.9 41 21 11.2

official energy statistics [74] do not contain disaggre-
gated data for plants fueled by solid biomass, so a similar
comparison is not possible here.

These numbers exceed the figures which have been
found in energy scenarios for heat supply by local dis-
trict heating networks in Germany [14]. However, it also

displays the high potential of biomass fueled co-
generation plants, which could also provide a note-
worthy contribution to renewable heat in Germany.

To unlock this currently unused potential, further
investigations on specific constraints are necessary,
because the input dataset has some weaknesses. First,

Table 10 Results for the gross exhaust heat amount, the individual CUR 4, of the 20 BEP plant clusters

Cluster Exhaust heat amount [GWh]
n Ql Q2 Q3 Q4 Q5
1* 191 195 95 69 26
2* 1 3 0 0 1
B 2,815 3,034 2,445 1,889 953
4* 2,511 1,874 1,668 1,517 786
5 1,367 715 633 462 271
6* 256 355 269 256 117
7* 91 42 26 25 12
8* 12 12 17 4 3
9* 34 11 2 1 1
10 915 358 253 50 45
11 189 182 227 103 24
12 139 120 152 119 62
13 184 717 291 352 104
14 254 94 102 42 13
15 65 17 12 14 8
16 79 2 2 1 2
17 593 967 628 457 56
18 716 765 388 77 14
19 377 595 265 161 59
20 417 327 215 198 45
2 Q1-a5
Seross [TWH] 112 10.4 7.7 5.8 26 37.7
*biogas [TWh] 7.3 6.2 5.2 4.2 22 25.1

Cluster | Maximum cogeneration utilization rate (CUR ., ) [%]

n Q1 Q2 Q3 Q4 Qs

1* 0% 26% 82% 100% 100%
2% 0% 10% 100% 100% 100%
B 2% 32% 81% 100% 100%
4* 4% 28% 73% 98% 100%
5 5% 28% 76% 99% 100%
6* 4% 31% 82% 100% 100%
7* 5% 58% 96% 100% 100%
8* 0% 27% 91% 100% 100%
oS 54% 98% 100% 100% 100%
10 4% 56% 99% 100% 100%
11 0% 14% 64% 99% 100%
12 0% 10% 55% 92% 100%
13 0% 26% 78% 98% 100%
14 4% 40% 81% 99% 100%
15 0% 52% 95% 100% 100%
16 0% 75% 89% 100% 100%
17 0% 25% 89% 100% 100%
18 13% 86% 100% 100% 100%
19 6% 70% 100% 100% 100%
20 25% 91% 100% 100% 100%

2Q1-Q5
St [TWHh] 0.5 4.0 6.2 5.7 2.6 19.1
*biogas [TWh] 0.3 1.9 4.0 42 22 12,5

The clusters are divided into 5 quintiles according to the FQ distribution and the resulting accumulated net heat amount
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the heat demand was estimated using primary data
representing the status quo in 2011. For modeling the
heat demand, influencing factors such as regional cli-
mate differences, the refurbishment status of the
buildings, or the impact of demographic change were
not taken into account. In particular, the latter is
likely to have an impact on settlement structures and,
as energetic refurbishment progresses; the heat de-
mand in the building sector will decrease. However,
the stagnating energy demand for heating and hot
water [74] shows that energetic refurbishment of
buildings (existing stock and new constructions) is
progressing slowly. The impact of this on the model
results should be low. Second, data for the TCS/in-
dustrial sector does not include the sector-specific de-
mand pattern (temperature level, daily and seasonal
demand patterns). In order to assign the exact heat
demand to each individual industrial or commercial
area, it would also be necessary to know exactly what
kind of companies (in terms of industry) are located
in a specific area. Detailed feasibility studies, in which
the heat demand of the consumers is precisely deter-
mined, are always necessary in order to make con-
crete investment decisions in heating networks.
Furthermore, there are a number of hard and soft
conditions that a municipality must fulfill in order to
ensure that the prerequisites for the economic oper-
ation of a DHN are met. These include setting the
right regulatory framework, e.g., securing areas in
spatial planning or requiring connection to the DHN
in certain areas [6].

Third, temperature level constraints, in terms of both
the forward and backward flow of potential DHNs, were
not considered during the modeling process. This is due
to the fact that the DBFZ BEP plant database does not
include technical specifications of the respective CHPUSs
or the temperature levels they are able to provide. Thus,
it cannot be assumed that the heat demand of heat con-
sumers requiring higher temperature levels (e.g., process
heat for industrial processes) can be completely covered
by the heat generated by the corresponding BEP. Never-
theless, the analyzed BEPs should at least be able to con-
tribute to the generation of the required space heating
or domestic hot water.

With these uncertainties in mind, the previously stated
tHSP for BEP is over- rather than underestimated.

When discussing the results for estimating economic
viability, some inadequateness of the methodology
should first be clarified. It is important to mention that
the described approach for calculating the heat sales po-
tential for all BEP in Germany is based on spatial infor-
mation, which shows some unavoidable blurring. For
example, the location of biomethane CHPs and their
corresponding heat sinks may produce results (Q1-Q3)
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which imply that a significant proportion of that cluster
cannot ensure a CUR,,,, of 100%. However, it is as-
sumed that all biomethane-CHPs utilize all of their heat,
since the remuneration scheme they use within the EEG
demands complete cogeneration utilization. It is also im-
portant to keep in mind that the results presented here
represent mean values calculated for the specific quin-
tiles and therefore only describe the conditions for a
group of BEPs. This does not necessarily mean that each
individual plant in a cluster can be precisely character-
ized by the values for the quintiles. Also, the assumption
of a direct link between the heat source and the heat
sink underestimates real world conditions. Usually, there
would be many barriers which lead to additional de-
mands for a heat pipeline. Up to this point, we do not
have a suitable approach for identifying empirical data
for the extra distance needed. In order to interpret the
tHSP results, it needs to be mentioned that we did not
include competing heat providers in our analysis. This
must be especially be taken into account for the TCS/in-
dustrial category where the calculated heat demand is
likely to be met by other sources such as excess indus-
trial heat.

The methodology was developed within the project
“Bioenergy - potentials, long-term perspectives and strat-
egies for power generation plants after 2020 (BE20plus)”
which pursues the aim of evaluating the economic viabil-
ity of BEPs after they drop out of the EEG’s first remu-
neration period after 20 years. Subsequently, we will use
these results to establish which proportion of the recent
BEP-portfolio can achieve profitability in a (potentially)
second operational period. The findings show that heat
sales are not a worthwhile option for some quintiles of
the BEP clusters. This is partly due to the fact that there
are no suitable heat sinks within the search radius (1500
m) and that the estimated costs for heat distribution ex-
ceed the assumed earnings from heat sales. This applies
to cases where the heat demand of a heat sink is insuffi-
cient and the distance between BEP and heat sink is too
far.

In general, even though decreasing electrical efficiency
would increase eHSP, power plant operators would not
compromise their electricity generation for greater (or
exclusive) heat production, since the economic value of
heat'* is lower than that of electricity within the EEG re-
muneration scheme.

Conclusion

In our study, we analyzed the heat sales potential of
BEPs within the EEG remuneration scheme in Germany.
The results show that, based on our assumptions, 52% of
the BEPs are suitable for distributing heat through a

14Biogas plant operators received 2.6 ct/kWhy, on average [75].



Steubing et al. Energy, Sustainability and Society (2020) 10:14

DHN. The overall technical heat sales potential for these
BEPs is approximately 153 TWhy,/a. About two-thirds
of this is attributed to the TCS/industrial sector and
about one-third to the residential sector. The share of
large individual heat consumers in this potential is only
about one percent. This total technical heat sales poten-
tial is equivalent to almost 12% of the final energy con-
sumption in the German heating sector. However, this
analyzed technical heat sales potential of 153 TWhy,/a
cannot be fully covered by the BEPs identified with the
potential for a DHN option. Their gross supply potential
for externally usable heat adds up to 19.1 TWhy,/a and
an economically viable supply potential of 16.3 TWhy/a.
The figures on heat sales potential reveal two different
aspects. On the one hand, it becomes clear that, in a
best-case scenario, only half of the existing BEPs in
Germany have the possibility of distributing heat by
means of a DHN and generating revenues by doing so.
This must be especially taken into account when looking
at future possible business segments for BEPs after their
EEG remuneration period ends, since those plants are
not competitive by generating power only. On the other
hand, we identified considerable potentials for DHNs for
those BEPs which have heat sinks nearby. These net-
works can either be fully supplied with biomass or sup-
plemented with other technologies suited for grid-bound
heat supply (e.g., larger heat pumps). We conclude that
biomass has further potential as a renewable fuel in sup-
plying district heating networks and that the current
BEP stock can contribute to increasing the share of RES
in the heating sector. Decisive factors in this context are
the BEP’s relationship to potential heat customers and
their specific requirements for heat supply. In order to
fully exploit this potential, the BEPs have to be embed-
ded in local or regional heating strategies which take
local conditions into account.

With regard to economic viability, it can be concluded
that even if there are potential heat consumers within an
acceptable distance to the BEP, heat sales are often not
an attractive opportunity for all of them since the costs
for distributing the heat can exceed the potential earn-
ings. This might change in the medium term with the
obligation to include RES into new heating systems, the
introduction of CO,-prices and the ban of oil-fired heat-
ing systems from 2026 on [76]. These measures are in-
cluded in a law passed by the German Federal
Government at the end of 2019 [77] to achieve its Paris
Climate Agreement goals.

The question of heat sales potential is crucial for fu-
ture business concepts of BEPs, since heat is the most
valuable by-product for most of those plants. We are
looking forward to integrating the results of this work in
a wider approach to cover all factors relevant for BEP
profitability.
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Appendix

Table 11 Total network length, distance of BEP to first potential
customer and resulting network length factor of 20 existing
DHNs fueled by heat generated from biomass in Germany

Number Reference Total network Linear distance of BEP  Network

length (L) to first potential length
(m) customer (D)(m) factor (NLF)

1 [61] 600 14 42.86
2 (54] 1200 16 75.00
3 (62] 7200 30 240.00
4 [64] 2100 34 61.76
5 (65] 2300 40 57.50
6 [56] 1900 434 437
7 [60] 1300 50 26.00
8 (58] 1400 65 2154
9 (66] 450 68 6.62
10 [67] 3600 68 52.94
1 [58] 1160 90 12.89
12 (58] 505 90 561
13 [65] 7500 105 7143
14 [57] 5000 115 4348
15 (59] 2700 70 3857
16 [55] 1700 210 8.10
17 (65] 6000 230 26.09
18 (65] 3500 290 1207
19 [63] 9720 430 22.60
20 [67] 3500 485 722
NLF = L% Mean 4183

Median 26.1
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