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A B S T R A C T

Understanding interactions between complex human and natural systems involved in urban carbon
cycling is important when balancing the dual goals of urban development to accommodate a growing
population, while also achieving urban carbon neutrality. This study develops a systems breakdown
accounting method to assess the urban carbon cycle. The method facilitates greater understanding of the
complex interactions within and between systems involved in this cycle, in order to identify ways in
which humans can adapt their interactions to reduce net greenhouse gas emissions from urban regions.
Testing the systems breakdown accounting method in Stockholm County, Sweden, we find that it
provides new insights into the carbon interactions with urban green-blue areas in the region. Results
show how Stockholm County can reduce its emissions and achieve its goal of local carbon net-neutrality,
if the green areas protect its carbon sequestration potential and maintain it to offset projected remaining
active emissions. Results also show that the inland surface waters and inner archipelago waters within
Stockholm County are a considerable source of greenhouse gases to the atmosphere. A better
understanding of these water emissions is necessary to formulate effective planning and policy measures
that can reduce urban emissions. The insights gained from this study can also be applied in other regions.
In particular, water bodies could play a significant role in the urban carbon cycle and using this
knowledge for more complete carbon accounting, and a better understanding of green-blue interactions
could help to reduce net urban emissions in many places.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

To meet the dual challenges of a growing global population and
mitigating climate change, considering how urban areas can
sustainably grow while minimising impacts on the environment is
necessary. Climate change mitigation requires primarily a reduc-
tion in global greenhouse gas (GHG) emissions. Many countries
and cities have committed to becoming ‘carbon-neutral’ within the
coming decades, e.g. as part of the Paris Agreement (United
Nations, 2015). Achieving carbon neutrality in urban systems,
however, is complex and challenging. It requires understanding
carbon dynamics in urban ecosystems, including process-level
identification and distinction of natural and human-perturbed

carbon exchanges and their interactions. ‘Carbon neutrality’ is
itself a complex concept at the scale of a city or region. It is
definable in several ways according to the emission scope included
in calculations. This study considers land use-related carbon
emissions and therefore uses a geographically determined
“internal emissions” definition of carbon neutrality. This definition
includes only the emissions within a geographical boundary and a
very few “core” external emissions, which are directly related to
land use choices (Kennedy and Sgouridis, 2011).

Consideration of land use-related GHG emissions and seques-
tration in urban and regional planning and policy-making is
needed for achieving carbon-neutral cities in the future (Fang et al.,
2015; Pan et al., 2020). To do this effectively, however, requires
further understanding of urban carbon cycles. Much research has
focused on parts of these cycles. Studies include emissions from
various sources and how to reduce them (Pichler et al., 2017; Xu* Corresponding author.
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019b), and carbon emissions and sequestration in water and soils
Cole et al., 2007; Edmondson et al., 2012; Guo and Gifford, 2002;
aymond et al., 2013; Smith, 2008). Human activities have
mpacted many of the components of the urban carbon cycle
and vice versa), with consequences for both human and natural
ystems that must be considered together, to understand and
odel the cycle in helpful ways in making cities more sustainable

Churkina, 2008).
Assessments of the GHG emissions of cities or regions usually

ake the form of either ‘bottom-up’ accounting or inventories, or
op-down’ emissions measurements (Marcotullio et al., 2014). The
ormer combines contributions of various sources (and sometimes
equestration) to obtain a total. The latter involves measurements
r calculations of net GHG fluxes over the study area, which can
ary in scale from directly measurable fluxes in local neighbour-
oods to the use of global data from satellite observations for large-
cale calculations (Andrade et al., 2018; Christen et al., 2011; Duren
nd Miller, 2012). While top-down assessments can give an
verarching picture of net emissions in a study area, they do not
ecessarily provide insights into where these emissions derive
rom, and how to effectively reduce them. Accounting and
nventory (bottom-up) methods can provide such insights.

In a bid to reduce contributions to global GHG emissions, many
ities, regions and countries have performed bottom-up carbon
ccounting. These efforts often follow methodologies similar to
hat published by the Intergovernmental Panel on Climate Change
IPCC) in its Guidelines for National Greenhouse Inventories or the
orld Resources Institute in its Global Protocol for Community-
cale Greenhouse Gas Emission Inventories (GPC). While these
ypes of inventories can be useful in identifying areas where cities
an make changes to reduce their emissions, they usually do not
nclude sequestration or potential sources of GHG emissions
nfluenced by local human activity. Carbon accounting often also
xcludes water as a potential source of GHG emissions in the
alculations. For example, water is only mentioned in GPC in
elation to emissions from wastewater and its treatment;
missions from water-based travel; and emissions related to
umping and otherwise supplying water to people and industries
Fong et al., 2014; IPCC - The Intergovernmental Panel on Climate
hange, 2006; Kennedy and Sgouridis, 2011; Marcotullio et al.,
014).
The IPCC guidelines for carbon accounting do not include

alculations for water-covered land (e.g. lakes and rivers), despite
onsiderable evidence that inland waters are a source of large
mounts of GHG to the atmosphere and that human activities have
ignificantly affected this contribution (Cole et al., 2007; Raymond
t al., 2013; Tranvik et al., 2009). Such water-covered areas are
nder ongoing change (increasing in recent decades) across the
orld (Borja et al., 2020). Oceans, on the other hand, are accounted

or as a large carbon sink globally (Landschützer et al., 2014; Le
uéré et al., 2014), but locally, the coastal waters located in or next
o urban areas can be sources of GHGs to the atmosphere ignored in
ccounting (Melaku Canu et al., 2015). In general, inland and
oastal waters also integrate and reflect the net waterborne inputs
o these water resulting from multiple sources, sinks and processes
ccurring in their hydrological catchments, which extend over
uch greater areas than the water bodies themselves (Cvetkovic
t al., 2012; Destouni et al., 2010).
Since local inland and coastal water bodies can contribute GHGs

ignificantly to the atmosphere, and since many cities, urban

actions and policies to move towards carbon neutrality. At the very
least, this could help to ensure that plans striving for net carbon
neutrality are not derailed by neglecting a major portion of the
cycle.

The overarching goal of this work is to promote reduction of net
urban GHG emissions by improving understanding of the complex
interactions between land-use changes associated with urban
growth and GHG emissions. The objectives are as follows. First, we
develop a systems breakdown accounting (SBA) methodology for a
more comprehensive inventory of GHG emissions and sequestra-
tion in urban regions (including water-covered land and coastal
water areas, which are not typically included, for example in IPCC
methodologies). Second, we test the methodology in an urban
region case (Stockholm County). Third, we use results of the test
case to increase understanding of the emission and sequestration
roles of blue-green areas in the urban carbon cycle, with an eye
toward better management of these natural systems including
with nature-based solutions.

To address these objectives, this study sought to answer the
following specific research questions: i) What role (if any) do
freshwater bodies play in the urban carbon cycle?; ii) What role (if
any) do coastal waters play in the urban carbon cycle in a coastal
region?; and iii) How significant are these roles to warrant
inclusion of water bodies in urban carbon accounting? For the first
question, the hypothesis was that freshwaters contribute signifi-
cantly to GHG emissions in urban regions where there are many
lakes or rivers, since globally these are a significant source of GHGs
to the atmosphere (Raymond et al., 2013). The second hypothesis
was that, although oceans are globally carbon sinks, locally coastal
waters can be a source of GHGs in urban regions. For the third
question, we hypothesised that water bodies (and particularly
freshwaters) play a sufficiently significant role in the urban carbon
cycle to warrant their inclusion in carbon accounting, although
their role will likely vary greatly according to how much water is
included in the accounting area.

2. Methodology - systems breakdown accounting approach

The SBA approach helps to understand carbon cycles in urban
regions by investigating various system components and the GHG
emissions and sequestration processes within and between them
in a regional system. Investigating these system components
before performing carbon accounting for the whole system can
help distinguish local sources and sinks (such as water bodies and
green areas) that are frequently overlooked in carbon accounting.
Fig. 1 illustrates the natural and social systems considered in this
study and the links between components within and between
these systems. The numbered arrows show the links investigated,
whereas arrows with dashed grey lines indicate probable links that
were not investigated within the scope of this study. The
methodology that follows describes investigations of the various
processes and interactions depicted in Fig. 1, following the
numbering shown.

2.1. Urban greenhouse gas emissions to the atmosphere

The arrows marked ‘1’ in Fig. 1 indicate the contributions of
human land use, transportation and industry to urban GHG
emissions to the atmosphere. The transport and industry
emissions are direct emissions of GHGs, whereas those from land
egions and countries encompass such water bodies, carbon
nventories must include the carbon implications of these waters
or a more complete picture of actual emissions. Considering and
nderstanding the role of inland and coastal waters and their
atchments in the urban carbon cycle, and associated impacts on
et results of carbon inventories, can suggest new or modified
2

use are mostly indirect and refer to how the use of a piece of land in
a particular way causes emission of GHGs to the atmosphere. For
example, although residential buildings themselves do not directly
emit significant amounts of GHGs to the atmosphere beyond the
construction phase, their existence nonetheless causes emissions
throughout their useful lifetime, due to the demand for electricity
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and heating in these buildings. Together, these sources account for
the GHG emissions to the atmosphere regularly included in urban
and regional carbon accounting, as suggested in the carbon
accounting guidelines (Fong et al., 2014; IPCC - The Intergovern-
mental Panel on Climate Change, 2006). The SBA methodology
considers emissions on a regional scale, and the scale of input data
is the total emissions energy use by all residential, commercial and
industrial buildings in the study area. Direct calculation is possible
by relating emissions to the recorded total energy used annually by
buildings in the study area. Traffic emissions are considered at the
scale of total emissions from average annual traffic volumes by the
various transportation types within the area.

2.2. Greenhouse gas emissions and sequestration in water bodies

The arrows marked ‘2’ in Fig. 1 indicate GHG sequestration in
urban water bodies and emissions to the atmosphere, and the link
between vegetative sequestration in and carbon loading from the
respective hydrological catchments into the water bodies. The
latter link is important for understanding the urban carbon cycle,
as it reflects the fact that vegetative sequestration is not simply an
endless sink. Some portion of the carbon removed from the
atmosphere by vegetation is cycled to hydrological transport of
dissolved carbon from the land surface, largely through subsurface
water, into the nearest surface water (Jantze et al., 2013; Lyon et al.,
2010). Ultimately, all these waterborne transport components are
integrated through catchment outlets to recipient surface and
coastal waters (Cvetkovic et al., 2012; Destouni et al., 2010), and
from these back to the atmosphere.

To calculate GHG emissions or sequestration by water bodies in
a region, identifying the water-atmosphere interfaces that exist
within the region and their total surface areas is first necessary.
These interfaces include the areas of freshwater lakes, rivers and
reservoirs, parts of seas, oceans and lagoons, and various other

potential. In general, studies have found freshwater bodies to
emit GHGs to the atmosphere, with rivers emitting significantly
more per unit area than lakes (Cole et al., 2007; Raymond et al.,
2013; Tranvik et al., 2009). Seas and oceans can be GHG sources or
sinks, with large variations even within the same water body, but
on a global scale, salt waters are a significant carbon sink (Kuli�nski
and Pempkowiak, 2011; Landschützer et al., 2014; Le Quéré et al.,
2014).

2.3. Vegetative greenhouse gas sequestration

The arrow marked ‘3’ in Fig. 1 indicates removal of carbon from
the atmosphere via vegetative sequestration. Carbon sequestration
is an important ecosystem service provided by green and green-
blue (marsh, wetland) spaces in urban regions. Thus, protection,
expansion and proper management of such areas can be an
effective nature-based solution to help offset urban GHG emissions
as cities strive to reach net-zero emissions (Cohen-Shacham et al.,
2016). Forests are perhaps the most common type of vegetation
that springs to mind concerning terrestrial carbon sinks, but their
carbon storage potential can vary greatly with type, location, age of
the trees and even biodiversity (Díaz et al., 2009; Dybala et al.,
2019; Luyssaert et al., 2007; �Tupek et al., 2010; Zhu et al., 2019).
Agricultural land and grasslands can be a carbon source or sink,
depending on what is grown and farming practices such as soil
tillage and fertilisation (Freibauer et al., 2004; Luo et al., 2010;
Smith, 2014; West and Marland, 2002). Other vegetation in urban
regions (i.e. nature reserves, parks, gardens and vegetated wet-
lands) also has carbon sequestration potential, although again,
such potential is dependent on how the management of these
areas (Zirkle et al., 2011).

Calculation of the areas of each type of vegetation in a study
region is possible from a land cover map. The vegetation in these
maps, however, often appears as categories according to a general

Fig. 1. Conceptual basis of the systems breakdown accounting methodology - a diagram of the natural and social systems contributing to the carbon cycle in an urban region
and the links between these systems and their components. Potential intervention points for nature-based solutions (NBS) in this cycle are also shown.
permanent or seasonal water bodies. In this SBA methodology, we
do not include marshes and other vegetated wetland areas as water
bodies, but as part of vegetative land cover. It is important to
distinguish between different types of surface water bodies in a
region on the finest scale possible, as different types of water
bodies can have vastly different emission or sequestration
3

standard, so it is important to identify exactly the type of
vegetation represented by each category in the study region. For
example, the tree species present in broad-leaf forest in Europe
may completely differ from those in corresponding forest in North
America, but both would still appear as ‘broad-leaf forest’ in the
standard classification.
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.4. Impacts of climate, the economy, planning and policy on future
nd use

Climate change has impacts on many aspects of cities, including
heir economic and social systems. These impacts in turn drive
lanning and policy decisions and eventually affect future land use
n urban regions, as illustrated by the arrows marked ‘4’ in Fig. 1.
arious planning support systems and other technologies are
vailable to help assess these impacts and how they may shape
rban regions in the future (Page et al., 2020; Pan et al., 2018).
odelling tools can show how land use in the future will likely
hange, given what is known now about the drivers pushing the
hange (Kalantari et al., 2019a). In this proposed methodology, we
uggest using modelling results of future land use change for the
tudy region to assess how such changes can likely impact GHG
missions and sequestration in the future.

.5. Extrapolation of land use change impacts on future emissions and
equestration

The arrows marked ‘5’ in Fig. 1 indicates the impact of changes
n land use on the GHG cycle of vegetated areas in the future. The
ost obvious impact is possible loss of vegetative carbon sinks due

o urban expansion, implying decreased ability to remove GHGs
rom the atmosphere if these sinks are unprotected. Conversely,
olicies and plans that encourage protection, expansion and
ehabilitation of areas with high vegetative sequestration potential
ill increase regional capacity to remove GHGs from the
tmosphere in the future. In this proposed methodology, we
erform the calculations under points 1, 2 and 3 above using
odelled future land use maps (from point 4). Additional available

emissions plans, predictions and policies support these calcula-
tions resulting in future emissions and sequestration in the urban
carbon cycle for a study region.

2.6. Assessment of planning and policy impacts and identification of
other potential interventions

The arrows marked ‘6’ in Fig. 1 indicate the next steps in the
proposed methodology, after completing carbon cycle assessments
for both the present and future scenarios. These steps create a
better understanding of the components in an urban carbon cycle
and how they interact. They provide guidance for using this
understanding to identify places where effective action is possible
through planning and policy to reduce future net GHG emissions
and meet climate change goals. The results also provide a basis for
assessing existing plans and policies to guide future predictions.
They can inform policymakers the likelihood of achieving goals for
climate change, as well as improvements to increase the likelihood
of success.

3. Application of methodology to a test case

In line with the second stated goal of this work, we apply the
SBA methodology to the case region of Stockholm County, Sweden.
Stockholm County is an urban region on Sweden’s east coast
(Fig. 2). It includes two cities (the Swedish capital Stockholm and
Södertälje to the south), as well as smaller towns, industrial areas
and farmland. The county includes many islands that are part of the
Stockholm archipelago in the Baltic Sea. The county also contains
many large forested areas, lakes and streams. Vast blue-green areas
surround and extend into the urban centres, making the area ideal
ig. 2. Images of a lake in Stockholm County (top left) and the urban centre of Stockholm City, where Lake Mälaren and the Baltic Sea meet (bottom left), and map showing the
cation of Stockholm County in Sweden (right). The central inset map shows the location of Sweden in Europe (Jose, 2006).

4
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considering the roles of blue-green areas in the urban carbon cycle.
The population is growing rapidly, from 2.35 million in 2019 to a
predicted 3.4 million by 2050.

3.1. System boundaries

Since this study focuses on land use-related emissions, we
chose the primary geographical system boundary as the border of
Stockholm County. The emissions included mostly fall within the
“internal emissions” category (i.e. occurring within the physical
system boundary) and some “core external emissions” (see
Kennedy and Sgouridis, 2011). This category includes, for example,
‘urban’ emissions from electricity generation and transportation
associated with various land uses in the area, as well as emissions
from and sequestration by natural systems such as water bodies. A
very limited number of “core” external emissions are included
(namely those related to electricity generated outside county
borders, but used within), but not emissions from other activities,
such as consumption within the study area of food and goods
produced elsewhere. This last exclusion enables a focus on the
natural and social systems related to land use within an urban
region. It provides insights into how alterations in planning and
policy can reduce the associated emissions. Emissions related to
production and transportation of goods produced outside the
study area and consumed within it, however, comprise a
significant proportion of the overall carbon emissions associated
with the Stockholm region and Sweden as a whole (Schmidt et al.,
2019). Section 5.1 discusses the implications of this exclusion for
truly declaring Stockholm County as achieving carbon neutrality in
the. Calculations for all emissions and sequestration in the study
area are on a per-year basis.

3.2. Data collection and description

3.2.1. Urban greenhouse gas emissions
The annual emissions considered in the case study are from

Stockholm County authority, including emissions from transpor-
tation, everyday functioning of buildings, and industrial activities
taking place within the county. We calculated the building
emissions on an annual basis, according to the amount of
electricity used in (residential and commercial) buildings and
carbon released (measured in 109kg C02-eq) in generation of this
electricity, together with any emissions associated with supplying
these buildings with energy, such as from heating. Calculations of
industrial emissions are from the sum of emissions associated with
energy supply to industries, as well as the direct emissions
released. We calculated transport emissions according to annual
average traffic volumes for internal goods and passenger transport
via road, rail and water, plus take-off and landing emissions from
the airports within the county (also reported in 109kg C02-eq). (TRF
- Tillväxt- och Regionplaneförvaltningen, 2016).

In its 2016 report on climate efforts in Stockholm County, the
county planning department also provided predictions on planned
urban emissions from these sources in the future, up to the year
2045 (TRF - Tillväxt- och Regionplaneförvaltningen, 2016). These
predicted emissions are considerably lower than those from 2014,
despite the growing population in the county. The report detailed

measures for reducing emissions to the predicted levels. These
measures include stricter building energy standards for both new
and existing buildings, a continuing shift towards electric vehicles
for transportation of people and goods, a further shift away from
fossil fuels in electricity generation, and other strategies (Stock-
holms Stad, 2016; TRF - Tillväxt- och Regionplaneförvaltningen,
2016). The recorded urban emissions in 2014 and the predicted
2045 emissions for Stockholm County are shown in Table 1.

3.2.2. Emissions from water
The water bodies considered in Stockholm County include

lakes, stream networks and a coastal portion of the Baltic Sea. All of
these are sources of varying strength of GHG emissions to the
atmosphere. Table 2 shows the surface area of each type of water
body in the county, together with the annual GHG emissions.

Stockholm County contains a large number of freshwater lakes
occupying a total area of 627 km2, or 9.6 % of the total land area.
These lakes range in size from small ponds to Lake Mälaren, which
is the third largest lake in Sweden, with a total area of 1140 km2

(Lantmäteriet, 2021). Based on measurements of the properties of
water in the lake, Alin and Johnson (2007) estimated emissions
from Lake Mälaren to the atmosphere as 0.602 kg CO2-eq m�2 yr-1.

Stockholm County also contains many small rivers and water-
courses. We calculated the total area of these stream networks
based on national survey maps (Lantmäteriet, 2021). Their total
length is 4460 km, and a reported average width of rivers and
streams in Stockholm County is 3.5 m (Sers and Degerman, 2016). A
previous study found that rivers and streams in Sweden emit
between 1.73 and 11.11 kgCO2-eq m�2 yr-1, depending on stream
order (Humborg et al., 2010). Studies have shown that streams
with Strahler order 1 (classified by Strahler (1957) as streams with
no tributaries, often the first streams flowing into a river network)
have the highest rates of carbon dioxide emissions to the
atmosphere, with emissions per area of stream surface decreasing
as stream order increases (Humborg et al., 2010). For the
watercourses in Stockholm County, we calculate and used a
weight-average value (based on the recorded area of watercourses
of each stream order in Sweden) of 6.203 kg CO2-eq m�2 yr-1.

A portion of the Baltic Sea lies within the boundaries of
Stockholm County. Reported net annual carbon emissions of 0.010
(+-0.016) kg CO2-eq m�2 yr-1 derive from the Baltic Sea. This
indicates that this coastal portion is a relatively weak source of
carbon to the atmosphere (Kuli�nski and Pempkowiak, 2011).

3.2.3. Vegetative sequestration
For identifying the various land uses in Stockholm County, we

used a land-cover map of the county classified according to the
CORINE Land Cover (CLC) system (Kosztra et al., 2019). We assigned
each terrestrial land use a carbon sink potential value based on the
vegetative land cover (Goldenberg et al., 2018). The carbon
sequestration potential values (Table 3) were selected after a
search of the available literature. In general, the carbon sequestra-
tion potential of vegetation is highly variable and is both time- and
region-dependent (Baldocchi et al., 2001; Rayment and Jarvis,
2000). The values in this study (see citations in Table 3) are from
studies of vegetation types and growing conditions (such as
climate and daylight hours) that are as close as possible to those

Table 1
Stockholm County urban emissions recorded in 2014 and predicted emissions for the year 2045 (TRF - Tillväxt- och Regionplaneförvaltningen, 2016).
Emission source 2014 emissions (109 kg CO2-eq) 2045 emissions (109 kg CO2-eq)

Buildings 2.49 0.5
Transport 2.9 0.25
Industry 0.48 0.2
Total 5.87 0.95

5
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revailing in Stockholm County (for which site-specific vegetation
alues are not available). All of the values used represent net
cosystem carbon uptake, which includes soil carbon sequestra-
ion and the effects of prevailing land management actions for that
and use (such as fertilisation and tillage of agricultural land and
aintenance of sports grounds).

.2.4. Modelled future land use changes and sequestration impacts
Since the population in Stockholm County is expected to grow

n coming decades, considerable urban development in the future
s also likely (SCB, 2016; TRF - Tillväxt- och Regionplaneförvalt-
ingen, 2017). Stockholm County planning department has plans

and policies intended to ensure that the necessary development
has minimal negative impacts on the environment. In particular,
these plans include zoning to encourage compact development
and limit sprawl, and protection for many green areas (TRF -
Tillväxt- och Regionplaneförvaltningen, 2017). Based on these
plans and policies, a previous study modelled probable locations
and extent of new development, finding a likely loss of 2.4 % of the
total carbon sequestration potential existing in Stockholm County
by 2040 (Pan et al., 2020). This value is used here to reduce the
2014 sequestration potential for 2045, proportionally from 2040
(using linear regression), resulting in a predicted loss of 2.86 % of
the 2014 carbon sequestration potential by 2045.

able 2
urface area and greenhouse gas (GHG) emissions potential of the various water bodies in Stockholm County.

Water body type Emissions(kgCO2-eq m�2 yr-1) Source

Lakes 0.602 (Alin and Johnson, 2007)
Stream networks 6.203 (Humborg et al., 2010)
Baltic Sea 0.010 (Kuli�nski and Pempkowiak, 2011)

able 3
egetative carbon sequestration potential of different terrestrial land cover types found in Stockholm County.

Land cover type Carbon sequestration potential (kgCO2-eq m�2 yr-1) Source

Urban fabric – discontinuous structuresa 0.586 (Christen et al., 2011)
Continuous urban fabric 0 N/A
Other built-on land 0 N/A
Sports and leisure facilities 0.110 (Tidåker et al., 2017)
Non-irrigated arable land 0.088 (Miljömål.se, 2018; Smith et al., 2005)
Pastures 0.183 (Kätterer et al., 2012)
Fruit trees and berry plantations 1.026 (Wu et al., 2012)
Broad-leaf forest 0.652 (Luyssaert et al., 2007)
Mixed forest 0.399 (Luyssaert et al., 2007)
Coniferous forest 0.147 (Luyssaert et al., 2007)
Transitional woodland-shrub 0.022 (Kätterer et al., 2012)
Grassland and sparsely vegetated areas 0.022 (Kätterer et al., 2012)
Inland marshes 1.246 (Nag et al., 2017)
Peat bogs 0.073 (Antle et al., 2001)
Salt marshes 0.769 (Charpentier et al., 2010)

a This value is used for areas with only isolated structures; i.e. the land cover is at least 95 % vegetation. The same value was reduced according to the percentage of built-on
nd for very low-density; low-density; medium-density; and dense discontinuous urban fabric.
Fig. 3. Measured greenhouse gas emissions and sequestration in Stockholm County in 2014 and predicted values for2045.
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4. Results

Fig. 3 shows total emissions and sequestration in Stockholm
County in 2014 and in summary, the calculated sequestration for
2014 is 1.61 million tonnes CO2-eq, whereas the urban emissions
are 5.87 million tonnes CO2-eq, and the combined water emissions
are 0.47 million tonnes CO2-eq. The water emissions are
comparable to the 2014 industrial and commercial energy
emissions of 0.48 million tonnes CO2-eq. The predicted urban
emissions for 2045 are considerably lower than those in 2014, with
a total of just 0.95 million tonnes CO2-eq. The calculated water
emissions remain at 0.47 million tonnes CO2-eq, and the calculated
2045 sequestration of 1.57 million tonnes CO2-eq would then
suffice to completely offset the expected combined total urban and
water emissions in 2045.

4.1. Urban emissions

In 2014, urban emissions amounted to 5.87 million tonnes CO2-
eq, or 2.7 tonnes CO2-eq per capita, divided as shown in Fig. 3
between the three urban emissions categories (industry, buildings,
transport). Stockholm City Council and Stockholm County authori-
ties are committed to reducing emissions in the county to a total of
0.95 million tonnes CO2-eq by 2045, which is less than 0.5 tonnes
CO2-eq per capita (TRF - Tillväxt- och Regionplaneförvaltningen,
2016). These emissions correspond to the solid arrows labelled “1”
in Fig. 1, and represent 92 % of the total in-boundary emissions in
2014, reduced to 65 % in 2045.

4.2. Emissions from inland waters

In total, we estimate that stream networks in Stockholm County
emit 96,822 tonnes CO2-eq to the atmosphere annually, whereas

lakes emit 377,538 tonnes CO2-eq annually (Fig. 3). These water
emissions represent 7% of the total in-county emissions in 2014
(see Fig. 1, arrows labelled “2”.) By 2045, these emissions represent
a much more significant 32 % of the total in-county emissions, due
to the planned reduction of total local urban emissions.

4.3. Emissions from coastal waters

Based on CO2 emissions values calculated for the entire Baltic
Sea (Kuli�nski and Pempkowiak, 2011), the area of the sea included
in Stockholm County emits 36,959 tonnes of CO2-eq annually to the
atmosphere. Despite the large area of seawater contained within
county borders, this emission represented only 1% of the total in-
county emissions in 2014, and 3% in 2045. Fig. 1 shows these
emissions in their systems context, represented by the arrows
labelled “2”. Although this value is low compared with emissions
from freshwater bodies in the county, the outflow of carbon into
the Baltic Sea and subsequent emissions from the sea to the
atmosphere should be further investigated.

4.4. Vegetative sequestration

We estimate that vegetation in Stockholm County sequestered
1.61 million tonnes CO2-eq in 2014 (see Fig. 3). The majority of this
sequestration potential (1.18 million tonnes CO2-eq) came from the
large areas of boreo-nemoral forest (containing both deciduous
and evergreen trees) in the county. Open urban and suburban
green spaces (including gardens, parks, and sports facilities) had a
sequestration potential of 0.32 million tonnes CO2-eq, and the
remaining potential came from many different land uses, including
agriculture and wetlands. Fig. 4 shows the spatial distribution of
the vegetative carbon sequestration potential across Stockholm
County and Stockholm City. Based on current plans and policy for
Fig. 4. Maps showing the carbon sequestration potential of terrestrial land cover in Stockholm County (left) and in Stockholm City (right).
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rban expansion in Stockholm to house a growing population, a
and use model has shown that 2.86 % of sequestration capacity
ill be lost, resulting in vegetative sequestration of 1.57 million
onnes CO2-eq by 2045 (Pan et al., 2020).

. Discussion

.1. Urban emissions

Although many of the plans to reduce emissions in the county
re under implementation, whether the planned reductions in
ocal emissions can actually be achieved is unclear (Länstyrelsen
tockholm, 2020). In fact, a recent report on the GHG budget for
tockholm County from 2020 up to 2040 showed an increase of
bout 12 % in estimated direct GHG emissions in the county from
014 to 2019 (Anderson et al., 2018). Of course, this does not mean
hat the emissions reduction goals is unachievable by 2045.Many
f the measures will take years to implement and, while the
opulation in the county has been increasing, per-capita emissions
ave decreased. It is also possible, however, that other measures
eyond those in the County’s plan will be necessary to reach local
et-neutrality in Stockholm by 2045.
As mentioned above (Section 3.1), these urban emissions are

imited almost entirely to the carbon physically emitted within
tockholm County, and exclude emissions associated with goods
roduced outside county borders. Sweden is a net importer of
onsumer goods, particularly food and clothing, from outside
he country (World Intergrated  Trade Solution, 2018). The
wedish Environmental Protection Agency found the 2014
verage global and local consumption-based emissions per
wedish resident to be 8.99 tonnes CO2-eq per capita, compared
o the local urban emissions of 2.7 tonnes CO2-eq per capita
ound in this study when excluding the consumption of goods
Naturvårdsverket, 2021). The emissions associated with pro-
uction and transportation of imported goods consumed in
tockholm represent a proportion of the total global emissions
aused by the region, and for which its residents are reasonably
ccountable (Schmidt et al., 2019). Thus, while achievement of
he worthy goal of local carbon neutrality is possible for
tockholm County by 2045 with current policies, achieving true
lobal carbon neutrality for the region will require considerable
dditional policy, socio-economic and behavioural changes by
overnment, businesses and inhabitants of Stockholm County. This
ould take place on many levels, from a reduction in consumption
y individuals and businesses to changes of consumption
ehaviours to choose lower-emissions options. Consumption
missions could also be offset through cultivation of increased
arbon sinks, both within the region and through international
arbon-offset schemes.

.2. Emissions from inland waters

A global study of large freshwater lakes (>500 km2) found GHG
missions to range from -0.11 to +2.63 kg CO2-eq m�2 yr-1, with an
verage of 0.26 kg CO2-eq m�2 yr-1 (Alin and Johnson, 2007). A
tudy of lakes in Sweden found that the smallest Swedish lakes
0.01�0.1 km2) emit 0.32 kg CO2-eq m-2 yr-1, whereas the largest
>100 km2) emit on average 0.12 kg CO2-eq m�2 yr-1 (Humborg
t al., 2010). In the global study of large lakes, emissions from Lake
älaren to the atmosphere were calculated (based on measure-

The higher emissions from all three large lakes (Mälaren,
Vättern and Vänern) than the average for large lakes in Sweden
are attributable to their location in the southern half of the
country. The vegetation differs from that in northern Sweden and
the milder climate in the south means that the lakes are frozen for
shorter periods. This difference would be consistent with a global
trend of higher emissions from lakes located closer to the equator
(Alin and Johnson, 2007; Raymond et al., 2013). Latitude,
however, does not explain why the carbon saturation levels,
and consequently the emissions from Lake Mälaren, are
approximately double those in Lakes Vättern and Vänern, both
of which lie (slightly) to the south of Mälaren. The most notable
differences between the lakes are that Lake Mälaren is directly
connected to the Baltic Sea, with intrusion of salt water
occasionally possible (although prevented by sluices), and that
it lies in the most populous and urban part of Sweden, while the
other two lakes are located in more rural inland parts of the
country (Stockholms Stad, 2017). It is unlikely that the connection
with the Baltic is the reason for higher carbon levels in Lake
Mälaren. In fact, approximately 41 000 tonnes of total organic
carbon flow from the lake into the Baltic annually (Institutionen
för vatten och miljö, 2018; SMHI, 2020; Stockholms Stad, 2019).
Tranvik et al. (2009) showed that human activities significantly
influence the contributions of freshwaters to the global carbon
cycle. In a recent study of Uppsala County (which neighbours
Stockholm County to the north-west and contains a small portion
of Lake Mälaren), Wallin et al. (2020) also found that the carbon
levels in agricultural streams were higher than expected. Thus,
the intensive human activity in and around Lake Mälaren was
likely responsible for the elevated levels of carbon in this lake
relative to other comparable lakes in Sweden. Consequently,
human interactions in the lake’s catchment would be a useful
intervention point, e.g. for implementing nature-based solutions
to better manage urban runoff and other factors contributing to
the high levels of carbon in the lake.

5.3. Emissions from coastal waters

A large part of Stockholm County comprises the Stockholm
archipelago, with thousands of islands in the Baltic Sea. The Baltic
Sea extends inland to the centre of Stockholm City, where it meets
Lake Mälaren, with a large flow of freshwater going from the lake
to the sea across several sluices. A canal in Södertälje also
connects the two water bodies in the south of Stockholm County.
The total flow rate from Lake Mälaren to the Baltic Sea can reach
800 m3 s�1, with an average outflow of about 5000 Mm3 yr�1

(SMHI, 2020; Stockholms Stad, 2019). This outflow and other
freshwater runoff throughout the county significantly affect both
salinity and nutrient loading (including carbon) to the inner
archipelago waters of the Baltic Sea (Engqvist and Andrejev,
2003), i.e. the coastal area included in the system boundaries of
this study. During the period 1996–2018, the load of total organic
carbon in the outflow from Lake Mälaren to the Baltic, measured
at a station in the city centre (Centralbron), was on average 8.2 mg
L�1 (Institutionen för vatten och miljö, 2018). It is estimated that
only around 4% of the total organic carbon is trapped and
eventually accumulated in the sediments of the inner Stockholm
archipelago. The rest is either re-mineralised (and partly re-
released back into the atmosphere) or exported to other parts of
the Baltic Sea and eventually the North Sea (Jönsson et al., 2005;
ents taken in the lake) as 0.60 kg CO2-eq m�2 yr-1 (Alin and
ohnson, 2007). This emission is considerably higher than the
verage reported for large (>100 km2) Swedish lakes (Humborg
t al., 2010), and also larger than the values calculated for the other
wo largest lakes in Sweden, Vättern (0.26 kg CO2-eq m�2 yr-1) and
änern (0.32 kg CO2-eq m�2 yr-1) (Alin and Johnson, 2007).
8

Wesslander, 2011).
Wide spatial and temporal variation existis in recorded and

calculated GHG emissions from the Baltic Sea. The sea is therefore a
sink or a source of GHGs, depending on location, and sometimes in
the same place in different years (Wesslander, 2011). Given the
evidence of significant carbon outflow into the waters of the
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Stockholm archipelago, these waters are potentially significant
local sources of GHG to the atmosphere, if the emissions rate in the
archipelago is higher than in the rest of the sea. Thus, long-term
monitoring of Stockholm archipelago emissions is worthwhile for
bridging knowledge gaps and gaining an improved understanding
of carbon dynamics in the area.

5.4. The land-water carbon cycle

Applying the SBA approach to quantifying GHG emissions and
sequestration in Stockholm County provides new insights into the
relationship between vegetative carbon sequestration and carbon
emissions from water bodies. A large proportion of the carbon
found in water bodies and emitted to the atmosphere as GHGs
arrives in the water from the associated hydrological catchment
area and its vegetation. Plants use atmospheric CO2 to build
aboveground tissues and roots. A proportion of this plant material
falls on the land surface of each hydrological catchment and is
decomposed, with dissolved organic carbon eventually trans-
ported by subsurface and surface water flow through the
catchment outlets into recipient water bodies (Cvetkovic et al.,
2012; Destouni et al., 2010; Jantze et al., 2013; Lyon et al., 2010).
There, some of it is further re-mineralised and released back into
the atmosphere (Cole et al., 2007; Humborg et al., 2010). These
waterborne transport and transformation processes can lower the
efficiency of vegetative sequestration. In Stockholm County, � 32 %
of the carbon fixed by plants is re-emitted via various water bodies.
Improved understanding of these green-blue catchment-water
body interactions of carbon is important to achieving net-zero
emissions, as a 32 % reduction in efficiency of vegetative
sequestration is considerable.

The per-area emissions values used for water bodies in this
study are net water-atmosphere GHG fluxes. These fluxes
implicitly include the results of internal processes such as the
activities of aquatic fauna and flora, and soil-water carbon
exchange. A possible future improvement of this methodology
lies in including soil explicitly as a separate component in SBA
accounting. Although this inclusion may not change the overall net
results, further insights may be possible into the land-water carbon
cycle, and in understanding how to reduce these re-emissions via
water.

5.5. Impact of land use planning and policy on future carbon sinks

The current plans for development in Stockholm County
prioritises protection and inclusion of green spaces within and
around urban areas. This prioritisation explains why the modelled
loss of vegetation is quite small (only 2.86 % of the 2014
sequestration capacity lost by 2045), despite considerable planned
development and urban expansion (Pan et al., 2020; TRF - Tillväxt-
och Regionplaneförvaltningen, 2017). In other regions, a much
greater loss of vegetative sequestration potential might be
expected if land use planning policies do not sufficiently protect
existing green spaces (Pan et al., 2019).

The SBA analysis evidently shows that Stockholm will be
reliant on its forested areas in order to reach carbon-neutrality in
the future. Based on the current plans, this goal is achievable. A
recent study shows, however, that Europe is losing forest area to
harvesting in recent years, with particularly high losses in

highly dependent on critical factors, particularly weather con-
ditions and land management (Luyssaert et al., 2007; Mudge
et al., 2011; Smith, 2014). Although one cannot control weather,
land management such as fertilisation regimes and methods are
adjustable to increase carbon sequestration capacity in some
green spaces (Guo and Gong, 2017). Changing weather patterns
due to climate change is also predictable and planned for to some
degree. Studies have shown how changes in mean temperature or
precipitation can severely affect forests and their sequestration
capacity. Increasing the resilience of forests to changing climate
conditions, however, is possible through strategies to increase
their biodiversity, which may also lead to increased carbon
sequestration capacity (Newton and Cantarello, 2015; Thompson
et al., 2009). In the future, vegetative sequestration will play an
important role in offsetting emissions to achieve net-zero levels.
Therefore, policies and planning for carbon-neutral cities,
countries and regions, including Stockholm, should include
measures to prevent loss of green areas, and nature-based
solutions to increase carbon sink resilience and capacity.

Although Stockholm County’s report on climate action planning
acknowledges the importance of forests as a carbon sink, the plans
for forest areas simply include “afforestation and sustainable forest
management” (TRF - Tillväxt- och Regionplaneförvaltningen,
2016). The study by Kaczorowska et al. (2016) of planning for
ecosystem services in Stockholm found that, while highly valued
by l stakeholders involved in developing the region, a knowledge
gap exists specifically on how to plan and make policies to protect
and increase ecosystem services in urban areas. Practical
knowledge is also lacking in where and how to apply nature-
based solutions. Researchers should support policy-makers and
planners in overcoming this knowledge gap. They should clearly
communicate information about where and how such solutions
are implementable to ensure their inclusion toward positive
climate action.

5.6. Broader significance of case findings

The application of Stockholm for the SBA methodology yields
broader insights into the urban carbon cycle that are globally
relevant. The first of these is that water bodies (and particularly
inland water bodies) and their integration of carbon from their
catchment areas can contribute significantly to GHG emissions.
Urban carbon accounting should therefore consider them in places
where large water bodies exist in the area, in Stockholm and
elsewhere around the world. Furthermore, the test case showed
that water emissions become especially significant when striving
for net-zero emissions. Carbon re-emissions via water bodies
amount to an effective reduction in total vegetative sequestration
potential in an accounting area. As many cities globally are striving
to reach carbon neutrality in coming decades (Alvarez, 2020;
Carbon Neutral Cities Alliance, 2021), consideration of emissions
from water is therefore increasingly relevant.

Beyond the accounting questions of “reaching neutrality”,
better understanding of urban carbon cycles is important to
ultimately reduce the contributions of cities to climate change
through GHG emissions to the atmosphere. A better understanding
of urban carbon cycles is important in achieving this, as it allows
actions better suited to reducing these contributions. In particular,
this study reveals several areas in which inclusion of nature-based
solutions in planning and policy will facilitate reduction of overall
Sweden (Ceccherini et al., 2020). If this trend prevails in
Stockholm County, it will be unable to reduce emissions as far
as intended. It will need to consider and include further nature-
based solutions to increase carbon sequestration in the county. A
strong theme throughout the literature on vegetative carbon
sequestration is that the carbon sink potential of green spaces is
9

urban GHG emissions. The study shows that, even in famously
forested places like Sweden, targeted use of nature-based solutions
is important to maintain and improve vegetative sequestration
potential to offset those GHG emissions that cannot reduce to
absolute zero. It also identifies a need for further studies of GHG
emissions from waters specifically in urban regions, and for
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evelopment of nature-based solutions to reduce anthropogenic
mission-related activities.

. Conclusions

The SBA approach developed and applied to the case of
tockholm County in this paper considers and accounts for human-
ature interactions in conducting an inventory of urban GHG
missions and sequestration. The application process and results
rovide new insights into urban carbon cycling. In particular, they
larify how human activities interact with natural systems in this
ycle, and how improvements in planning and policy can help
nsure that the urban region will achieve its goal of net-neutrality
y 2045.
The answers to the specific research questions posed are as

ollows. First, inland waters play a very significant role in urban
arbon accounting for the Stockholm region. The SBA results
how that � 29 % of the carbon sequestered by vegetation in the
ounty is re-emitted to the atmosphere via inland water bodies
ed by their respective hydrological catchments within the
ounty’s boundaries. Second, coastal waters in Stockholm County
lay a smaller role in the urban carbon cycle, as 3% of the carbon
equestered by vegetation is re-emitted to the atmosphere via
oastal waters. Third, the contributions of water bodies to the
rban carbon cycle are significant, especially when striving for
et-zero emissions. They warrant inclusion in urban carbon
ccounting in regions that encompass large water bodies, such as
tockholm County.
Stockholm County can achieve its goal of net-zero local

missions by 2045 if it succeeds in reducing urban emissions in
ine with current plans and ensures protection for existing carbon
inks. Since achieving this goal will heavily rely on vegetative
equestration, particularly in forests, ensuring that forests are not
ost to harvesting is especially important, as in recent trends, and
hat they remain resilient to climate change. Maintaining their
arbon sequestration capacities through relevant planning and
olicies is also important, using strategies such as nature-based
olutionsto maintain biodiversity. To achieve true global carbon
eutrality, Stockholm will also need to consider the emissions
elated to residents’ consumption of goods produced elsewhere
nd how to reduce and offset these emissions too.
The higher rate of GHG emissions from waters in Stockholm

ounty (particularly Lake Mälaren) suggests further investigations.
s The higher rate may be explainable by the large extent of human
ctivity in the catchment of Lake Mälaren and other water bodies
n Stockholm, affecting regional green-blue areas and resulting in
ecreased vegetative sequestration efficiency and increased water
missions. Identifying underlying mechanisms and determining
odifications in human interactions with green-blue areas in

egional catchments is important to minimise the negative
mpacts.

The findings of the study further suggest a need for more
omprehensive evaluations of the carbon cycling implications of
reen-blue urban areas in general. Neglecting or underestimating
e-emission of vegetative carbon sequestration by recipient water
odies to their catchments may render city-level carbon emissions
ccounts inaccurate, for example, leading to insufficient planned
ctions for achievement of carbon neutrality. At the same time,
hese green-blue areas offer various ecosystem services and
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