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Abstract: Cities account for 70% of carbon emissions and are therefore a vital driver for climate
change. Thus, a city’s main contributing sectors need to be identified. Territorial-based footprints
focus on the final energy consumption, which is derived from the stationary and transport sectors.
The consumption-based approach is based on consumption data, which are converted into carbon
emissions using an input-output model. If the consumption-based approach is applied to an urban
district not only emissions in the investigated area are considered, but also those that occur along
the supply chain of consumed products in the urban district. The goal of this study was to apply
and evaluate two different approaches to calculate an urban district’s carbon footprint to support
climate protection management at the local government level. To achieve this goal, these two different
approaches were applied to calculate the carbon emissions of the urban district Wedding in Berlin and
were compared regarding criteria such as data availability and relevance. The footprints resulted in
400,947 t CO;-eq. for the territorial approach and in 401,371 t CO;-eq. per year for the consumption-
based approach, which resulted in 4.61 t CO»-eq and 4.62 t CO;-eq per capita and year, respectively.
Methodologically, the two approaches differ significantly, but the total results showed a difference
of only 0.1%. Thus, this study cannot verify that the consumption-based approach mostly leads to
higher emissions per capita in the Global North. This could be due to lower purchasing power and a
higher share of multiple-person households in the relatively poor urban district of Wedding, Berlin.
The territorial approach is more suitable to derive measures for local climate action, whereas the
consumption-based approach highlights the responsibility of consumers for GHG emissions along
the supply chain and the importance of the food sector.

Keywords: climate change; carbon footprint; cities; carbon accounting; urban sustainability

1. Introduction

Today, more than half of the global population live in cities. Following a constant
increase by the year 2050, even two-third of global citizens will be living in cities. Ac-
cording to the United Nations Development Programme (UNDP), cities “occupy just 3%
of the Earth’s land but account for 60 to 80% of energy consumption and at least 70%
of carbon emissions” [1]. Looking at cities through the lens of climate change, cities are
a crucial factor [1]. To tackle the challenge of climate change, carbon emissions need to
be reduced drastically, especially in cities [2,3]. In order to formulate carbon reduction
targets, emissions must be calculated first. Different studies propose methods and tools for
the carbon accounting of cities [4,5]. The calculation models differ in their approach and
methodology of accounting. In the following, the most applied and discussed approaches
are introduced. Territorial-based carbon accounting is the approach traced back to the
Kyoto Protocol. The beginning of territorial-based accounting is based on the guidelines by
the Intergovernmental Panel on Climate Change for the accounting of national greenhouse
gas (GHG) emissions [6]. The guidelines explain the approach of carbon accounting as
“national inventories include greenhouse gas emissions and removals taking place within
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national territory and offshore areas over which the country has jurisdiction” [6]. Tradi-
tionally, carbon emissions of regions are calculated using the territorial-based approach.
Different carbon emissions scopes were defined for emission accounting and associated car-
bon footprints of organizations [7-9]. In 2014, these scope definitions were also extended to
cities in a guideline by the World Resource Institute (WRI) proposing a calculation standard
for the carbon accounting of cites [5].

The WRI defines the scopes for cities as follows [5]:

Scope 1: GHG emissions from sources located within the city boundary;
Scope 2: GHG emissions occurring as a consequence of the use of grid-supplied
electricity, heat, steam and/or cooling within the city boundary;

e  Scope 3: All other GHG emissions that occur outside the city boundary as a result of
activities taking place within the city boundary.

There is no consistent interpretation of these scopes in terms of urban carbon footprint
yet. Most studies, e.g., Chen et al. [10], consider at least scope 1 emissions as territorial-
based and scope 1 + 2 + 3 emissions as consumption-based [11-13]. However, for some
years now, the question has been discussed in the scientific community whether the
territorial-based approach, that mostly only covers scope 1 and, optionally, scope 2 emis-
sions, may lead to injustices between the Global South, where a large part of products are
produced, and the Global North, where these products are consumed [14-17]. Critique of
the territorial approach for national accounting was formulated amongst others by Peter
and Hertwich [18] who proposed a consumption-based accounting system. The critique
is often connected to the term “carbon leakage.” This term describes the situation where
companies move their production facilities to countries with lower climate regulations
because of higher costs concerning climate regulations in their original production coun-
try [15,17,19]. The territorial-based approach might be fostering this practice, as it enables a
shift of responsibility for carbon emissions from countries in the Global North to countries
in the Global South [20]. There are already studies comparing the two approaches at
the national level [16,21] and also at the city level [12,22], but, to date, there is no study
that compared them at the urban district level. The district level is important, as cities
often have a high level of greenhouse gas differentiation and necessary action might differ
based on different urban forms and different income levels of the population within a
city. We suspect that there will not be a one-size-fits-all solution for city center areas and
suburbs, and the local governments of big cities such as Berlin can develop district-specific
measures. With a city-level focus, such differentiation will be blurred and rendered vis-
ible with a smaller scale such as the urban district. Liu et al. [23] proposed that more
micro-level research should be carried out on the city- or household-level, and the district
level in this study lies in between those and can therefore enable valuable insights. We
chose the Wedding district in Berlin, as previously studies on Charlottenburg-Wilmersdorf
(a relatively wealthy area in Berlin) have been performed, and we also wanted to evaluate
the socio-economic effect of evaluating a relatively poorer urban district with a high un-
employment rate. Bako et al. [24] studied the household energy consumption of different
cities and found that unemployment is a key factor that decreases CO, emissions from
energy consumption; we also wanted to test this assumption.

The goal of this study was to compare the territorial- and consumption-based ap-
proaches of carbon accounting or greenhouse gas accounting of cities for an urban district
to identify strengths and weaknesses of these approaches and to determine which approach
fits best to derive climate action at a district level. It therefore aimed to provide climate
protection managers and the local government guidance regarding which approach best
suits their purpose, and therefore it assessed the approaches regarding their applicability,
the availability of data, and the reproducibility and relevance of the results. In order to
reach this goal, these two different approaches were applied in a case study to calculate the
carbon emissions of the northern Berlin urban district Wedding in the northwest of Berlin,
Germany. There are 86,929 people living in Wedding [25]. The city administration states on
their website for Wedding that it belongs to the “socially weaker districts” [26].
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Following this introduction, Section 2 provides an insight into the methods and data
used to conduct the case study and the comparison of the territorial- and consumption-
based approach. The presentation of the results is provided in Section 3 and the results are
discussed in Section 4, followed by a brief conclusion.

2. Materials and Methods

In this section, the materials and methods are outlined beginning with the applied
territorial- and consumption-based accounting approaches and followed by the goal and
scope of the case study. The territorial- and consumption-based approaches were applied
separately to allow a comprehensive comparison later on. In the following, the two
approaches and the respective calculations are explained, and the conduction of the case
study is illustrated. The steps to carry out the case studies and compare the approaches are
visualized in Figure 1.
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. Tenitorial- energy consumption for energy consumption with Summary
Literature based [~ thestationary (heatand [— emission factors of the
research on approach electridity) and transport corresponding to the results
approaches sector. sectors
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Figure 1. Steps to calculate the emissions with the applied approaches.

2.1. Territorial-Based Carbon Accounting

Territorial-based emissions are those that occur within the boundary of a territory
and therefore consider scope 1. Most studies though also consider scope 2 and even some
consider scope 3 emissions to be territorial emissions [7,8]. A variety of definitions are
available that have different scopes [8,11,22,27-30]. In Germany, the Institut fiir Energie-
und Umweltforschung published a territorial-based standard called BISKO that aims to
harmonize different approaches and achieve comparability between carbon accounting
of German municipalities [28]. Many municipalities in Germany have used the BISKO
standard so far, and therefore, we applied it in this study. The calculations of the territorial-
based carbon footprint build on the publication from Hertle et al. [28], which describes
the method that is used by the BISKO standard. The BISKO standard is defined as a final
energy-based territorial carbon accounting. Within a territory, all accruing consumption on
the level of final energy is considered and assigned to various sectors, for example, housing
or traffic. The carbon emissions are calculated through specific emission factors [31-33].
Thus, emissions of scope 1 and scope 2 are considered. With the use of emission factors,
CO; equivalents and upstream emissions for the stationary and the transport sectors
are included into the accounting [28]. The standard does not predefine but proposes
consumption sectors and emission factors. Table S1 in the Supplementary Materials
displays the emission factors used in this study. Energy consumption of the stationary
sector (electricity, natural gas, district heat) were based on the Energy Atlas Berlin [34].
Heating oil, coal, lignite, biomass, and solar thermal energy were neglected because of a
statement of the district chimney sweeper, who takes care of those heating systems. As
there are almost no single-family houses but apartment buildings, the neglected energy
types play a minor role in the heat supply of the district. For the traffic sector, traffic activity
data and timetables were used [35-37]. The BISKO standard may not be suitable for other
countries, because of different energy consumption patterns that are not determined by
centralized systems and thus inconsistent emission factors [38]; however, for the German
situation, it fits well.
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2.2. Consumption-Based Carbon Accounting

The critique of the territorial-based accounting approach led to the development of
consumption-based accounting. The principle of consumption-based carbon accounting
assigns the responsibility of emissions to the consumers of products and services rather
than to the producers [39]. For consumption-based carbon accounting, the definitions
are not as various, but the methods applied are even more diverse. Consumption-based
carbon footprints calculate emissions that are related to consumption activities within a
city. A simplified calculation for consumption-based carbon accounting is displayed in
Equation (1) derived from Chen et al. [7].

GHGconsumption = GHGterritorial + GHGimports - GHGexportS (1)

To calculate carbon emissions that correspond to the consumption, information on
the consumption of people must be available. Although there is no specific consumption
information available for the urban district of Wedding, a consumer expenditure survey
(CES) for Berlin exists [40]. The expenditure data lists expenses of households in Berlin
for food, drinks, tobacco, clothing, living, household furniture, health care, traffic, and
entertainment. In order to evaluate consumption activities in Wedding, the expenditure
data must be scaled to the population in Wedding. The only specific data available con-
cerning the structure of the population in Wedding was the age distribution of its citizens,
the proportion of foreigners, and the share of people that receive a basic income. In the
expenditure survey, the consumption data is given per household and not per person.
In order to obtain the total expenditure of Wedding, the distribution of households was
assumed to be the same as for the whole of Mitte, Berlin (Table S2 in the Supplementary
Materials) as no Wedding-specific data was available. Based on these percentages, it was
possible to calculate the percentage of people in Wedding living in predefined household
sizes and how many households exist in Wedding; this was then multiplied with the
expenditure data and scaled up to one year, resulting in the yearly consumption of all
citizens in Wedding.

For the consumption-based accounting, the Exiobase data set with input-output
matrices was used [41]. The CES data is given in purchaser price, whereas the Exiobase
data is in base price, so the CES data was converted into base price. For the conversion of
each consumption category in the CES data taxes, margins and subsidies were researched
resulting in specific base price/purchaser price ratios (Table S3 in the Supplementary
Materials). The consumption categories in the CES data differed from the sectors in the
Exiobase data. One consumption category can correspond to one or multiple sectors from
the Exiobase data set and vice versa. To transfer the CES data into the Exiobase sectors, the
method from Pichler et al. [42] was used. A correspondence matrix Cnxm Was set up where
n represents the consumption categories of CES data and m the sectors in the Exiobase data.
If a consumption category corresponded to a sector, the entry was 1; otherwise, it was 0.
Analogously to Pichler et al. [42], the assumption was made that the corresponding ratio
between sectors and consumption categories was the same on national and urban levels.
Therefore, the correspondence matrix was multiplied per column with the domestic final
demand and then normalized first per row (each entry was divided by its row sum) and
per column (each entry was divided by its column sum). These calculations resulted in
the coefficient correspondence matrix C’. The final demand vector for Wedding (Y’) can be
calculated as

Y =C'*x )

where x is the CES vector of Wedding.

The final demand vector Y’ of Wedding had 200 rows. For the input-output calculation,
it needed to represent the final demand of the 200 sectors in the 49 countries and therefore
had to have 9800 rows. To achieve this, based on the German final demand vector from
Exiobase, shares were calculated for each sector in each country assuming that Wedding
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and Germany have the same consumption structure. Afterwards, it was possible to divide
the final demand from 200 in 9800 country-specific sectors.

The Exiobase dataset of the year 2011 on product to product levels contained the
technology matrix A, a final demand table Y, and environmental extensions table F for
different environmental and social pressures.

The first step was to calculate the Leontief inverse. With the Leontief inverse L the
total output x can be calculated, which was not given in the Exiobase data.

x=Y=xL 3)

The final demand Y is the sum of the final demand of all countries in Exiobase. The
environmental extension table displayed the emissions of different environmental stressors
per sector and countries per year. Divided by the total output x, the direct emission factors
(B) were calculated. The emission intensities are the product of the matrix multiplication of
the Leontief inverse L and the direct emission factors B. In the last step, the matrix of the
emission intensities was multiplied with the final demand of Wedding.

Only the greenhouse gases CO,, CHy4, and N>O were considered in the calculation,
because they are responsible for 98% of the global greenhouse gas emissions on average [43].

2.3. Comparison

In a final step, the results were compared, and advantages and disadvantages of the
approaches were outlined based on the criteria applicability, the availability of data, and
the reproducibility and relevance of results to be able to derive some guidance for city
council staff. The criteria were developed during the case study performance, thus building
on user experience and on the literature.

3. Results
3.1. Territorial-Based Carbon Accounting

The territorial-based carbon emissions were grouped into the stationary and the traffic
sectors. First, the results of the stationary sector are shown.

Table 1 shows the total energy consumption of these different sectors for the zip
codes in Wedding in the year 2016. Additionally, the part of energy consumption used in
Wedding is displayed. The highest energy consumption in all sectors occurs in zip code
area 13,353. The total share of energy consumption was under 8% for the zip codes 13,359,
13,405, 13,407, and 13,409 compared to the total energy consumption of Wedding.

Around 3/4 of the energy consumption was related to the heat supply (district heat
and gas) and only 1/4 could be attributed to electricity. The natural gas consumption
contributed more than half to the total energy consumption.

The resulting carbon emissions of the energy consumption are shown in Table 2.

Whereas electricity is responsible for only a quarter of the overall energy consumption,
it amounts to almost half of the CO,-eq emissions. Natural gas, which accounts for almost
half of the energy consumption, was, with 35%, the second-largest emitter of CO;-eq.
emissions. Overall, the stationary sector of Wedding was annually responsible for 353,651 t
CO;y-eq., which translates to 4.07 t CO,-eq. per person and year.

In the following, the CO,-eq. of the transport sector (divided into road transport and
local public transport) are outlined. From the last traffic census of Berlin carried out in
2014, daily average traffic volumes for streets in Wedding were exported. Table S4 in the
Supplementary Materials shows the main roads in Wedding, their length, and their average
traffic intensity. The most frequented roads in Wedding are Miillerstrafie and Seestrafle.
These are also the longest road sections in the urban district. Table 3 shows the vehicle
kilometers per year, the final energy consumption, and the annual CO,-eq emissions. Both
final energy consumption and CO,-eq. emissions were calculated with emission factors
(Table S1 in the Supplementary Materials).
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Table 1. Total energy consumption of the stationary sector for different zip codes in Wedding in 2016.
Figure S1 in the Supplementary Materials shows a map of Wedding and its zip codes.

. District Heat Natural Gas Electricity
Zip Code s}nggifnmﬁf ]1 n Consumption Consumption Consumption
gl Wedding [GWh]  Wedding [GWh] Wedding [GWh]

13347 86 83.9 48.4 54.6
13349 100 23.8 49.4 31.1
13351 100 37.5 313 21.3
13353 100 148.7 328.2 146.6
13359 2 0.1 2.0 0.8

13405 1.8 4.3 15.2 13.8
13407 6 1.1 16.9 7.7

13409 1 0.1 1.4 0.6

Total 299.4 492.8 276.5

Table 2. Energy consumption and resulting carbon emissions for the stationary sector.

District Heat Natural Gas Electricity
Energy consumption [GWh] 2994 492.8 276.5
Emission factor [t COy-eq/MWh] 0.26 0.25 0.55
CO»-eq. [t] 78,741.1 121,722.3 153,187.3

Table 3. Vehicle kilometers, energy consumption, and carbon emissions of road traffic in Wedding

for 2014.
Vehicle-km per  Vehicle-km per g(i;;;lui?e;‘?; COz-eq.
Day (Tkm) Year (Tkm) ( GWII:) Emissions (t)

Cars 346 126,122 99 30,328
Trucks > 3.5t 13 4627 13 3908
Delivery vans < 3.5t 42 15,459 13 3932
Buses 3 1191 5 1646
Coaches 1 422 2 541
Motorcycles 10 3741 1 370

Total 415 151,562 132 40,724

The road traffic was responsible for 40,724 t CO;-eq/a. The vehicle that contributed
most to CO,-eq. emissions was the car, followed by trucks and delivery vans. The highest
vehicle kilometers were also driven with cars, followed by delivery vans and motorcycles;
therefore, there is a correlation between driven kilometers and CO;-eq.

Since the emission factors for local public transport refer to seat kilometers, the traffic
volume had to be determined in this unit. Table 4 shows the means of transport, the annual
seat kilometers, and the annual CO,-eq. emissions of public transport.
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Table 4. Seat kilometers, energy consumption, and carbon emissions of public transport in Wedding.

Seaté 2:?;?5:)8 per Cox?srlllelflgp};ion CO;-eq (t/a)
(GWh/a)

Urban Railway 82,047 1.66 998
Metro 6 299,065 6.06 3637
Metro 9 137,014 2.78 1666

Tram M13 14,367 0.29 175
Tram 50 7855 0.16 96
Total 540,348 10.95 6572

Because of the local public transport, 6571 tons of CO,-eq per year are emitted annually
in Wedding. The highest emissions are caused by metro line 6, whereas tramline 50 emits
the least CO,, which also have the highest and lowest seat kilometers per year, respectively.

The results of the territorial-based footprint are summarized in Table S5 in the Supple-
mentary Materials, where the energy consumption and corresponding CO,-eq. emissions
of the stationary and transport sectors are listed. The largest emissions result from the
stationary sector. This was followed by road traffic, whereas local public transport had the
lowest emissions. Altogether, 400,947 tons of CO;-eq. emissions are emitted in the district
of Wedding per year. This corresponds to 4.61 tons of carbon emissions per person per year.
Figure 2 is a visual presentation of the distribution of these CO,-eq. emissions showing
that 88% of the emissions can be attributed to the stationary sector and 10% to road traffic.

0% 20% 40% 60% 80% 100%

m Electricity (38.21 %) m Gas (30.36 %) District heat (19.64 %)

m Road traffic (10.16 %) m Public transportation (1.64 %)

Figure 2. CO,-eq. emissions of Wedding, divided by sectors and means of transport and scaled
to 100%.

Only 2% of the emissions can be assigned to public transport. Heat (district heating
and natural gas) accounted for the largest share of emissions (50%), followed by electricity
with 38% and traffic with 12% of the total emissions.

3.2. Consumption-Based Carbon Accounting

In the following section, the results of the input-output calculations for the calculation
of the consumption-based carbon emissions of Wedding are presented. In total, the CO,-eq.
emissions due to the consumption of the people living in Wedding is 401,371 t per year.
Table 5 lists the ten sectors with the CO, eq. emissions, sorted by the highest emissions
in each sector. The full table can be found in Table S6 in the Supplementary Materials.
Considering the three considered GHGs, CO; emissions had the largest share with 68%,
followed by CH4 with 23%, and N,O with 9%.
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Table 5. Overview of CO;-eq. emissions of the ten sectors with the highest emissions.

CO, (t CO,-eq.)

CH4 (t COZ-eq.)

Nzo (t COz-eq.)

Total o Total o Total o
Sector CO, GHG Share (%) Sector CH,4 GHG Share (%) Sector N,O GHG Share (%)
Real estate services 31,583 33,960 93 Animal products 14,723 23,126 64 Wheat 5749 8387 69
Steam and hot water 2,116 22,605 98 Crops 11,002 18,051 61 Cereal grains 5030 7421 68
supply services
Electricity by coal 18,243 18,924 9 Leath;;g‘ii:ather 7678 12,717 60 Animal products 4834 23,126 21
Chemicals 10,329 12,971 80 Products of meat cattle 6065 9149 66 Crops 3387 18,051 19
Hotel ‘;re‘flvicezzaumm 8882 12,237 73 Processed rice 4136 6931 60 Products of meat cattle 2091 9149 23
Ceramic goods 8528 9595 89 Meat animals 4115 6150 67 Meat animals 1352 6150 22
Rubber and plastic 6827 7505 91 Other Bituminous Coal 3804 7995 48 Hotel and restaurant 1027 12,237 8
products services
Other transport equipment 5098 5776 88 Dairy products 3591 7237 50 Vegetables, fruit, nuts 979 4886 20
Motor vehicles, trailers, 5011 5610 89 Raw milk 3033 401 72 Leather and leather 970 12,717 8
and semi-trailers products
. Hotel and restaurant .
Textiles 4722 6027 78 . 2328 12,237 19 Dairy products 946 7237 13
services
Rest 153473 266161 58 Rest 30,136 293,577 10 Rest 9581 292,010 3
Total 274,814 401,371 Total 90,611 401,371 Total 35,946 401,371
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In the case of CO;-eq., the largest share was attributed to real estate services, followed
by steam and hot water supply services. The third highest CO, emissions were caused
by electricity supplied by coal. All three sectors can be roughly assigned to the sector
“housing.” The largest emitters of CH, emissions are animal products, crops, and leather
and leather products. Animal products and leather and leather products as well as the
products of meat cattle, meat animals, dairy products, and raw milk are all sectors of
animal husbandry. In terms of N,O emissions, wheat, cereal grains, and animal products
are the sectors with the highest emissions. Five of the ten sectors can be assigned to animal
husbandry and four to agriculture. Among the top ten emitters considering all GHG
emissions are hotel and restaurant services. The sectors with the highest CO,-emissions
were not as relevant for the other GHGs (CH4 and N,O). For the sectors with high CHy4
and N,O emissions, overlaps occur. In Figure 3, the emissions of the greenhouse gases
CO;y, CHy, N;O, are shown in CO,-equivalents disaggregated by sector.

It is apparent that the three GHGs had their highest emissions in different sectors. For
example, CO, emissions occurred most frequently for the housing sector (42%), whereas
CH4 emissions occurred most frequently in the food sector (76%). The hotspot of N,O
emissions, where 90% of the emissions occurred, was the food sector as well. Thirteen
percent of the CO; emissions arose in the transport sector. CHy also had a 9% share in the
transport sector, whereas N, O only had a 1% share in this sector.

In Figure 4 the results (in CO,-eq. emissions) of the aggregated sectors based on the
results presented in Figure 3 and Table 5 are shown.

The housing sector had the largest share of emissions with 32% due to emissions of the
energy sector as well as related to real estate services (rent). With 29.1% of the emissions,
food had the second highest emissions. The transport sector was responsible for 10.6% of
the total emissions because of private and public transport. With 3.6%, the waste sector
follows, in which all sectors connected to the treatment of waste are summarized. The
category “other,” in which 24.7% of the emissions occurred, is a collecting category for all
sectors that could not be clearly assigned to any of the four other sectors, e.g., business
services or textiles.

74,024

t C02-eq.

36,193

6 M
B 3005

B a4

5916
- F
| 1428
B 2257
| 2662
472

29,948

178
| 2686

m Housing ® Transport mFood mWaste m Other

Figure 3. Emissions of the three GHGs of the aggregated sectors.

Further, a geographical evaluation showing the emissions origin based on the pro-
duction of consumed products is presented in Figure 5. The regions clustered as “rest of
the world” as well as Germany (responsible for 61% of the emissions) were excluded to
achieve a better visual differentiation between the countries. The GHG emissions of all
countries can be found in Table S7 in the Supplementary Materials.
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140,000 128,299

120,000 116,798

99,083
100,000

$ 80,000
(o]

8 60,000
e 42,581
40,000

14,611

GHG [kg GQO2-eq]

20,000

m Housing Food mTransport mWaste mOther
Figure 4. CO,-eq. emissions in aggregated sectors.

In Europe, 12% of the GHG emissions occur. Within Europe, the highest emissions are
attributable to Germany (61%), whereas the second highest emissions can be assigned to
Poland and the third highest to France. Sixteen percent of the GHG emissions are emitted
in Asia and Pacific, with China contributing the most to the emissions with a total of 5%
and India contributing with 3%. The “rest of the world” regions of Asia and the Pacific
are responsible for 5%. Seven percent of the emissions are emitted in America (including
South and North America). The United States contributes to the emissions with 1.4% and
Brazil with 1%. The “rest of the world” region of America is responsible for 4%.

GHG [t CO2-eq.]

I 21,765

16

© GeoNames, Mitseht, Navins, TarnTem, Wikipedia

Figure 5. Geographical distribution of GHG emissions for consumption-based approach; self inputs from Germany were
excluded to allow for a better differentiation.

The emissions in China can be traced back to textile production with 32%, to the
production of electronics and machines with 22%, and to the production of chemicals with
10%. In India, 57% of the emissions can be attributed to the leather and leather products
sector. Twenty-five percent of the emissions are attributable to the agricultural products
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crops and rice. In the United States, 35% of the emissions are generated by the production
of chemicals and 10% by the aggregated food category (6% of which is meat). Transport
also accounts for 15% of the emissions. In Poland, 36% of the emissions are related to coal
and 19% to food production. The production of chemicals also plays a role with 7%. In
France, no sector outweighs all others.

3.3. Comparison of the Approaches

The total carbon emissions of the two approaches revealed almost identical results
and differed by only 424 t CO,-eq/a and therefore by 0.11%.

The literature proposes that consumption-based carbon footprints tend to be higher
than territorial-based ones in countries such as Germany that are net-importers of car-
bon emissions [44]. This proposal cannot be proven with this case study. With about
4.62 t COz-eq per person per year, the footprints are basically the same. The fact that
the territorial-based footprint was not lower in this case study is mainly because of the
energy consumption of Bayer Pharma AG, which most likely accounts for a large share of
energy consumption.

Within the territorial-based results, 50% of the emissions occur because of heat, 38%
because of electricity, and 12% because of transport. The classification is different in the
consumption-based approach, as energy consumption is considered within the housing
sector, which accounts for only 32% of the emissions. Similarities can be found in the
traffic and transportation sectors. Eleven percent of the consumption-based emissions
can be attributed to the transport sector. The food sector, which represents 29% of the
emissions, was not included in the territorial-based approach. Since there is no airport
within the boundaries of the Wedding district, emissions from air traffic were not included
in the territorial-based approach. However, in the consumption-based approach, they are
taken into account but still lead to lower results. Therefore, it is close to certain that the
consumption-based approach underestimates emissions due to housing and transport.
One reason for this might be economic allocation in environmentally extended input-
output analysis. This will lead to the allocation that two people that live in the same flat
would obtain an allocation of emissions based on their rent, so that people that pay more
rent would obtain a higher share of emissions. Additionally, transport emissions in the
Wedding district do not exclusively occur because of the mobility of its own residents.
The consumption-based approach only assesses the impact of the mobility of the local
residents, whereas the territorial-based approach also accounts for traffic that leads through
the relatively central district of Wedding, which people from the suburbs have to cross to
commute to work. Additionally, in Berlin, few people own a car (381.8 per 1000 inhabitants)
with an even lower number in Wedding (255 per 1000 inhabitants). These differing system
boundaries might explain some of the differences [45].

The results of the territorial-based approach suggest that reduction potentials in
Wedding occur especially in the area of heat. This could be achieved above all with
energetic renovation and education of citizens to increase the efficiency of heat use.

In the consumption-based approach, besides the housing sector, which can be rep-
resented much more realistically by the territorial-based approach, the food sector is a
hotspot. When developing strategies and actions to reduce carbon emissions, this sector
should be in focus on the local level. Examples of such actions would be citizen dialogues
on nutrition or action days on climate-friendly nutrition in schools, reduction of food waste,
and food sharing.

In Table 6, the two accounting approaches are compared regarding their weaknesses
and strengths using the criteria: applicability, availability of data, and reproducibility and
relevance of results, as outlined in Section 2.3.

Table 6 shows that both approaches for calculating a district’s carbon footprint have
strengths and weaknesses for the analyzed criteria. Depending on the perspective, one
method can be preferred over the other. For instance, the consumption-based approach
enables the disaggregation of different greenhouse gases, which facilitates the identification
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of tailored reduction measures. Technologies and measures to reduce greenhouse gas
emissions are often emission-specific: for laughing gas, the reduction of mineral nitrogen
fertilizer use will reduce emissions, whereas, for carbon emissions, gains in efficiency and
renewable technologies will be the best measures to reduce emissions. If, for example, a
carbon footprint is calculated in order to detect hotspots in the district and take action, the
territorial-based approach would clearly be preferable, since site-specific data is used. If,
on the other hand, residents are to be made aware of the impacts that their consumption
have on global warming, the consumption-based approach would be the better choice.

Table 6. Comparison of the approaches.

Territorial-Based Approach Consumption-Based Approach

Weaknesses Strengths Weaknesses Strengths

Local data for energy

Consumption expenditure

Simple calculations with data necessary; some Differentiation of CO,,

Applicability consumption and traffic emission factors advanced mathematics CHy, No,O
needed
needed
Availability of data Data from different years Specific data av ailable for No local data available GlObél I.O data with
Wedding emission factors
Reproduction was
Reproducibilit Calculation tool is not open possible based on No standardization of

eproduc y source; several standards publication by Hertele calculation

et al. [28]

Relevance of results

Data is available on site; Results focus on people’s

Only final energy therefore, results can lead Relevance equivalent to consumption and might
consumption is considered to action in Wedding by resolution of CES data change consumption
local government patterns

4. Discussion

In the following, the application of the methods and applied data (see Section 4.1) and
the results (see Section 4.2) are discussed.

4.1. Discussion of Application of Methods and Used Data Sources

In order to calculate the territorial carbon emissions, local energy and traffic data
provided by the State of Berlin were used. The energy data is available on the level of
districts and postal codes. The district of Wedding cannot be delimited by the boundaries
of the postal code areas. Therefore, the postal codes within the area were scaled by their
percentage share, which may lead to non-real energy consumption data. Furthermore,
some energy sources were neglected because of statements of the district chimney sweeps
(fuel oil, biomass).

In the context of the collection of traffic data, only the main roads in Wedding were
considered. It is unclear what influence the secondary road network has on emissions from
the transport sector.

Within the transport sector, the emissions caused by buses were calculated. This was
done using the traffic volume data. As a sensitivity analysis, traffic volumes were calculated
with the help of timetables, as it was done for other public transport vehicles. This resulted
in 883 t CO,-eq. emissions, only half of the emissions compared to the traffic volume data.
The emissions resulting from the traffic volume data were used for the evaluation for a
conservative estimate.

The data for energy consumption was from 2016 and the traffic data from 2014, so
data from different years were added together. Furthermore, the data was already four or
six years old and therefore cannot reflect the status of the urban district. Because of this
inconsistent data situation, the results may be affected.
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For the consumption-based approach, a final demand vector is necessary to use input—
output tables for the calculation of environmental impacts. Since there was no specific
consumption data for Wedding, Berlin, the CES data of the city of Berlin was used. These
were then scaled to the inhabitants of Wedding using socio-economic comparisons. It was
assumed that Mitte and Wedding have the same distribution of household sizes. However,
the ratio of household sizes in Wedding may differ from that in Mitte. In Mitte, many
young people and students live in small apartments, whereas Wedding could be described
as a family district with larger household sizes. Depending on the household size, the
consumption data differed and therefore the consumption of the residents in Wedding was
only assumed and could not be represented properly. A survey on consumer expenditure
in Wedding could have led to results that are more meaningful.

As part of the consumption-based calculation, a correspondence table had to be created
first, as described in the methods section, to convert the CES data into Exiobase sectors.
However, since Exiobase sectors are not reflected one-to-one in the CES consumption
categories, some Exiobase sectors were assigned to several CES consumption categories.
The correspondence table had to be normalized for the IO calculations. The assumption
that Germany and the urban district Wedding share the same final demand structure is
possibly also not correct. According to Engel’s law [46], households with lower incomes
spend proportionally more money on food, and Wedding, compared to Germany, has a
significantly lower income rate. The average income per household in Wedding is EUR
1850 per month and household with 30.7% of people receiving unemployment benefit II
(Hartz 4) and thus is significantly lower compared to EUR 2025 per month and household
in Berlin and EUR 3661 per month and household in all of Germany [47,48].

Because of a lack of proper criteria available in the literature concerning the carbon
accounting of cities to compare different approaches, the comparison was done using
a juxtaposition of weaknesses and strengths. It would be conceivable to carry out the
comparison by means of a criteria catalogue. However, because a case study was conducted,
the advantages and disadvantages of the two approaches could be identified directly during
the implementation.

Further, the validity of the consumption-based approach results was low, as no local
consumption data was available. To avoid this problem, it is recommended to first conduct
a survey on consumption at the local level, if no specific consumption data is available, to
obtain results that are more specific. When studies with the territorial-based approach are
conducted at the local level, it should be considered to emphasize in the presentation of
the results that the consumption of products leads to carbon emissions in the supply chain.
Especially in the area of food production, this should be pointed out.

In order to be able to make statements about which approach of carbon accounting is
preferable over the other to calculate emissions on a district level, it is recommended to
carry out further comparative studies. This should be done on the level of urban districts
but also of whole cities. Furthermore, the method of the consumption-based approach
should be further standardized to achieve comparable results.

4.2. Discussion of Limitations of Case Study Results

First, the territorial-based accounting results of the case study are discussed. As
described in the method section, some energy sources were neglected. For example,
heating o0il was neglected because of statements of a chimney sweeper in the sweeping
district of Wedding. In a comparable study, which concentrated on the Berlin district of
Charlottenburg-Wilmersdorf, 16% of the carbon emissions in the stationary area were due
to the consumption of fuel oil [49]. In a sensitivity analysis, 16% of the carbon emissions
were added to the stationary emission result in Wedding. Instead of 353,651 t CO; eq.
emissions in the stationary area, 410,235 t COz-eq. emissions would be emitted. The
total emissions in the district would increase to 457,531 t CO,-eq., which is an increase
of 12%. However, in Germany, most single-family houses are heated with heating oil. In
Charlottenburg-Wilmersdorf, there are some settlements with single-family houses, which
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would explain the higher proportion of heating oil. This is also evident in the map of the
settlement structure [50]. In the postal code areas 14193 (urban district Dahlem) and 14055
(Westend), the predominant residential use is characterized by single-family homes. There
is no area with this type of residential use in Wedding.

As shown in Figure 2, about 3/4 of the final energy consumption is allocated to heat
supply and 1/4 to electricity use. This does not correspond to the average values on a
national German level. According to the Federal Environment Agency, heat accounts for
just over 50% of the final energy consumption in Germany [51]. The difference for Wedding,
Berlin might be due to the fact that few buildings have been energetically renovated, but
a large part of the development is characterized by old buildings. In Wedding, most
buildings were built before 1930 [52]. Natural gas alone is responsible for half of the energy
consumption and is commonly used in unrenovated houses. Low renovation rates in
Wedding might therefore explain the high consumption of natural gas.

In relation to the number of inhabitants, the emissions from road traffic are rather low
and amount to 0.5 t CO,-eq per person. In the comparative study from Charlottenburg-
Wilmersdorf, emissions were more than twice as high at 1.3 t CO,-eq per person [49]. This
was mainly because one of the most frequented roads in Berlin leads through Charlottenburg-
Wilmersdorf. The almost 10-km long section of the A100, a six-lane highway, has a traffic
volume of up to 100,000 vehicles per day. Such a route is not located in Wedding [35].
Additionally, Weeding has a higher population density compared to Charlottenburg-
Wilmersdorf, which might be responsible for less traffic per capita.

Figure 2 summarizes the territorial results. In total, 88% of the carbon emissions can
be attributed to the stationary sector, whereas only 10% of the emissions occur in road
traffic and 2% in public transport. The State Statistical Office in Berlin publishes an annual
CO, balance for Berlin. The most recent balance, from 2017, indicates that 64.6% of the
emissions are attributable to the sector “households, trade, commerce and services and
other consumers,” 29.3% to transport, and 6.1% to the extraction of stone and earth, other
mining and manufacturing industries” [53]. If the last sector, which does not play a role
in this study, is excluded from the calculation, 31% is attributable to the transport sector
and 69% to the sector “households, trades, commerce and services and other consumers.”
The energy consumption in Berlin is assigned to this sector. In Wedding, the emissions
associated with energy consumption are around 20% higher than the Berlin average and the
traffic emissions are correspondingly 20% lower. In the comparable study for the district of
Charlottenburg-Wilmersdorf, the emissions for the stationary sector are also almost 70%
and for the transport sector 30%. One explanation for these differences may be a reduced
energy consumption for traffic in Wedding, which is due to the high population density.
Charlottenburg-Wilmersdorf has a population density of 5235 people per square kilometer,
whereas Wedding has a population density of 9405 people per square kilometer, which
is almost twice as high. All of Berlin has a population density of 4090 people per square
kilometer. A lower proportion of carbon emissions in the traffic sector is therefore mostly
due to lower emissions related to transport that supposedly correlates with population
density [54,55]. Angel et al. [55] propose that the shape compactness of a city influences
the GHG emissions in a city, though this factor was not part of this study.

In Table 7, the results of this study are compared to other studies that calculated GHG
emissions within a specific area, and the supposed reasons for differences are displayed.

If consumption-based emissions per capita in Wedding are considered, these amount
to approximately 4.62 t CO,-eq per year. The average German citizen emits a total of
11.63 t CO,-eq per year, which is more than twice as much as one person in Wedding [58].
Pichler et al. [28] calculated, among others, a carbon footprint for Berlin, resulting annually
in 8.9 t CO,-eq per person. Even higher is the carbon footprint Ivanova et al. [57] calculated
for Berlin, which, annually, is 13.7 t CO,-eq per person. These high differences are probably
due to different databases. This study and the calculations from Pichler et al. [42] use
the same expenditure data, but different IO models were used. Ivanova et al. [57] used
Exiobase but different consumption data. The conversion rates from purchaser to base
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prices have not been published and are probably diverse among the different studies. As
mentioned before, people in Wedding have a lower average income than in Berlin and
Germany. Kovacs et al. [59] also found that lower consumption lowers the environmental
footprint. Another reason why the consumption-based results in the study are lower than
those calculated by Pichler et al. [42] and Ivanova et al. [57] is the economic allocation of
IO calculations. If people have a similar flat, but pay different rents, different emissions are
assigned. In Wedding, the rents are, compared to Berlin, rather low because the residential
area is categorized as simple [60], which might have led to an underestimation of emissions
with economic allocation.

Table 7. Comparison of obtained results with other studies.

Emissions . Consumption-
Publication  per Capita Geographical Su.pposed R'eason for or Territorial-
Focus Difference in Result
(t-COz-eq) Based
This study 4.61 Wedding / Territorial
This study 4.62 Wedding / Consumption
[56] 7.07 Cha{rlottenburg Different urban form Territorial
Wilmersdorf
Different databases,
. lower income of people .
[42] 8.9 Berlin in Wedding, and larger Consumption
household sizes
Different databases,
. lower income of people .
[57] 13.7 Berlin in Wedding, and larger Consumption
household sizes
Lower income in
Wedding, less densely
populated, lower
[58] 11.63 Germany heating demand in all of Territorial

Germany because of
better energetic
renovation rate

A way forward could be the Organizational LCA approach, which has been recently
adapted to cities [61], as it includes upstream and downstream emissions. Additionally,
it set up a city structure to highlight which activities and respective emission levels can
be influenced by the local government. Furthermore, it includes several environmental
impacts and thus reduces the risk of shifts of burden from carbon emissions to other
impacts if measures to reduce carbon emissions are taken [62].

5. Conclusions

This study performed a territorial- and consumption-based carbon footprint for the
Wedding district in Berlin. The footprint resulted in 400,947 tons of CO,-eq. emissions
per year for the territorial approach and in 401,371 t per year for the consumption-based
approach, which results in 4.61 t CO;-eq and 4.62 t CO,-eq per capita, respectively. The
highest shares of CO,-eq. emissions in both approaches were related to the housing,
heating, and electricity sector. However, the consumption-based approach also calculated
a high share of emissions in the food sector that the territorial approach neglected. As the
results are quite similar, this study cannot verify that the consumption-based approach
mostly leads to higher emissions per capita in the Global North. The results are rather low
compared to other conducted studies, which might be because Wedding is a comparatively
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poor urban district with a high population density and a relatively high share of multiple-
person households. Strengths and weaknesses of the consumption- and territorial-based
approach could be derived, for example, that the territorial approach is more suitable
to derive measures for local climate action, whereas the consumption-based approach
highlights the responsibility of consumers for GHG emissions along the supply chain and
the importance of the food sector. Thus, the territorial-based approach identifies emissions
related to urban form, whereas the consumption-based approach underlines the impact of
food production and animal products and thus consumption lifestyles.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/su13137262/s1, Table S1: Emission factors, Table S2: Household size and corresponding
occurrence, Table S3: Base price/purchaser price ratios, Table S4: Streets in Wedding, Table S5:
Summary of territorial energy consumption and resulting carbon emissions, Table S6: Consumption-
based results by sectors, Table S7: Consumption-based results by country. Figure S1: Map of
Berlin Wedding.
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