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Abstract

This paper presents three scenarios of urban gr@ntrgy use and greenhouse gas (GHG)
emissions in Dar es Salaam using narratives tleat@rsistent with the Shared Socio-Economic
Pathways (SSPs). We estimate residential energgui@iend GHG emissions from 2015 to
2050 for household activities (including upstredatticity generation) and passenger (road)
transport (Scopes 1 and 2). We project that by 2Da0 es Salaam’s total residential emissions
would increase from 1,400 ktG®(in 2015) up to 25,000 — 33,000 kt&QSSP1); 11,000 —
19,000 ktCQe (SSP2); and 5,700 — 11,000 kte@SSP3), with ranges corresponding to
different assumptions about household size. Thietaies with an increase in per capita
emissions from 0.2 tC£ in 2015to 1.5 - 2 tC® (SSP1); 0.7 — 1.3 tGO(SSP2); and 0.5 - 0.9
tCOe (SSP3). Higher emissions in SSP1 (the sustaityaddlenario) are driven by a higher
urban population in 2050 and increased energy a@mas electricity consumption. Through
aggressive GHG mitigation policies focused on demaization of the electricity sector and road
transport, total emissions under SSP1 can be rdduce66% in 2050. Study insights aim to
inform policies that identify and capture synergiesween low-GHG investments and broader

socio-economic development goals in Sub-Saharanakfrcities.

Article word count: 10,828 (excluding references, nomenclature and acknowladgés)



Nomenclature

BRT — Bus Rapid Transit

GDP — Gross Domestic Product

GHG — Greenhouse Gas

HDI — Human Development Index

IAM — Integrated Assessment Model

IEA — International Energy Agency

INDC - Intended Nationally Determined Contribution
IPCC - Intergovernmental Panel on Climate Change
LEAP — Long-Range Energy Alternatives Planning Software
LPG - Liquified Petroleum Gas

LULUCF - Land Use Land-Use Change and Forestry
SDGs- Sustainable Development Goals

SSA —Sub-Saharan Africa

SSPs- Shared Socio-Economic Pathways

UN — United Nations

UNFCCC - United Nations Framework Convention on Climatadye
WHO — World Health Organization

Metrics

HH — Household

km — kilometer

ktCO ,e— kilotonnes of carbon dioxide equivalents
kWh — kilowatt hour

GJ - Gigajoules



USD $- United States Dollar

yr — year

Equations

Year—year of prediction

TPyear— Tanzania’s total population (in millions) for a givyear

TUPyear— Tanzania’s urban population level (as a percentmge given year

PSyear— Population share of Dar es Salaam (as a perceotdlge total urban population) for a
given year
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1. Introduction

How emerging Global South cities — especially & $ub-Saharan Africa (SSA) region —
mitigate and adapt to climate change is criticdutare sustainability. By the end of the century,
over 30 SSA cities are expected to be among th&lisdargest megacities (with populations
exceeding 10 million) (Hoornweg and Pope, 2017)garad to two megacities in 2017 (Lagos
and Kinshasa) (WorldAtlas, 2017; UN, 2018). Thotigh region accounts for only 3.7% of
global energy-related greenhouse gas (GHG) emisgl&A, 2019), rapid urbanization and
economic growth will increase future energy demand GHG emissions. The growth of new
urban infrastructure, such as power plants, road&er supply and sewer systems, will push the
region’s aggregate material and energy use to rhigtter levels (Westphait al, 2017). Urban
sprawl, and persistent decline in urban populadi@nsity, will be an additional driver of energy
demand and emissions (Angglal, 2011). Therefore, steering SSA cities towardsnaGHG
future is critical to energy policy and planningo@@rey and Xiao, 2015) as urban growth will
impact global emissions due to the projected expans Africa’s population (Calviret al,

2016). However, literature on the future energy &htlc emissions transitions of SSA cities is
limited to a few studies (e.g., Godfrey and Xia6X2) and SEA (2015a)). This calls for research
that investigates different scenarios of urban gincand energy use in SSA cities, and
specifically, identifies key sectors (e.g., restisdntransportation and industrial) driving these

changes within individual cities.

There are two main contributions of this paperotioknowledge, we present the first
projections of possible changes in residential gnese and GHG emissions, i.e., from domestic
activities, including household and transportatativities, in Dar es Salaam, Tanzania (one of
the largest and fastest growing cities in the S&fian (Hoornweg and Pope, 2017)). Our
analysis highlights the household and transporiatiivers that are the primary contributors to
future GHG emissions in Dar es Salaam, providirsigints for policy makers and urban
planners. The projections are to 2050 and useltaeef Socio-Economic Pathways (SSPs) as a
guiding narrative. The SSPs (further detailed ioti®a 2) were originally established by the
climate change research community to facilitategraited analysis of future climate impacts,

vulnerabilities, adaptation and mitigation (Riahial, 2017). There have been only a few
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applications of the SSPs at the city-level (e.@ui€iet al. (2016) and Hoornweg and Pope
(2017)), and none for the purpose of projecting G#ssions and energy use in Dar es Salaam
or any other major African city. Second, the pgmesents a method for scoping GHG emissions
pathways in a relatively data-poor environment, deshonstrates how the SSPs can be used to
develop urban growth scenarios. Current urban gnesg and/or GHG emissions studies tend to
focus on Global North cities (where data sourcesraathods are more robust), despite calls to
action for research attention and focus on the &l8buth (especially the SSA region) (IPCC,
2014; van der Zwaaet al, 2018). The lack of research is further refledigdhe few “urban
metabolism” studies estimating the energy and Gh@sons flows in cities in the SSA region
(e.g., Kampala (Lwasa, 2017), Lagos (Kennetsl, 2015) and Cape Town (Hoekman and von
Blottnitz, 2017), among others). We focus hereitinsas their spatial form and economy drives
much of the national energy demand. However, thg#ies do not discuss expected changes in
future GHG emissions in the manner presented sygaper. Our results show the wide
uncertainty in these future projections, while diiameously demonstrating the order of
magnitude jump in emissions that can be expect&himes Salaam even under optimistic

scenarios.

We focus on the residential sector as it is a dantifiend-use” sector in the SSA region (IEA,
2014, 2019). Regional estimates indicate that 66%tial energy use occurs in the residential
sector, compared to 21% in the industrial, agnealtand services sectors (IEA, 2014).
Similarly, in other large SSA cities such as Lagod Accra, emissions from residential
buildings (not including biomass use) were estimhae~30% (2015) and ~23% (2015),
respectively, of total stationery and transports=ioins, compared to ~14% and ~5% in the case
of industry (i.e., manufacturing and constructi@@}0 Cities, 2017). Furthermore, while there is
no available estimate of residential GHG emissiari3ar es Salaam (outside of the ones
generated within this research), national GHG ihmees estimate that electricity production and
transportation (including for residential use) agued for ~38% of Tanzania’s total energy
sector emissions (in 2014), compared to ~7% foushy (WRI, 2015). GHG emissions from
industry would generally vary on a case-by-caséslaasd/or may be linked to specific

regulations, and therefore emissions projectiongfdustry would scale differently compared to



59
60

61

62
63
64
65
66
67
68
69
70
71
72
73

74
75
76
77
78
79
80
81
82
83
84
85
86

residential emissions. For the above reasonspitesfof this paper is on residential activities,

although industrial activities could be incorporhie future work.
To accomplish the contributions outlined aboves ffaper:

(1) Estimates the current (2015) emissions in Dar ¢éxafig and present narratives (based on
the SSPs) that project future changes in GHG eamsdrom domestic households,
including public and private vehicle travel (Scofdesnd 2) between 2015 and 2050;

(2) Assesses which household and transportation aegiare the primary contributors to
emissions to 2050;

(3) Analyzes how spatial factors such as urban pomatensity influence energy use and
GHG emissions; and,

(4) Provides actionable urban policy recommendatioasdan support a low-GHG and

sustainable energy transition in Dar es Salaamila@&SA region more broadly.

2. Literature review: Infrastructure and energy transitions in Africa and other Global

South cities

The African Development Bank estimates the scalaw@stments required to build SSA’s
future infrastructure at between $130 and $17@ohbilh year (AfDB, 2018). This infrastructure
demand presents a unique opportunity to build reastainable (and resilient) cities with
policies that promote low-GHG and resilient comntiesi (that especially benefit the poor).
However, the urbanization of SSA cities comes witique challenges. Unlike the
transformation in Europe and North American citiggpse urbanization was correlated with
industrialization and economic growth (Currie andddngo, 2017), these associations are not
evident in the SSA region (Allen, 2014). Rathehaur growth has been predominately
“splintered” and reinforced by socio-economic chiagles such as poverty, inequality and
vulnerability to climate change (Allen, 2014; Cereand Musango, 2017). Splintered urbanism
has heightened inequalities, as basic infrastracarvices, such as electricity, water supply and
public transportation, are often limited or nonste&nt for the poorest neighborhoods (Allen,

2014, Currie and Musango, 2017). In this regandist find that low levels of infrastructure
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stock (and urban wealth) in SSA cities is a kepoador their limited energy use and GHG

emissions compared to higher-income cities (Kenretdy, 2015).

A handful of prior studies have compared electyiage, transportation emissions and/or direct
final energy use among global cities (e.g., Scf2040); Grubleet al.(2013) and Kennedgt

al. (2014)), and report values for Dar es Salaam (MWéh/capita, ~1 tC@e/capita,
17GJ/capita) that are far lower than their courgggin the U.S. (9 — 10 MWh/capita and 4
tCOye/capita) or Canada (162 GJ/capita in Toronto).tAeoset of studies quantify the flows of
materials, energy, and waste in cities using urbatabolism frameworks. Metabolism
assessments are available for a limited numbe&#f Sties, including Kampala (Lwasa, 2017),
Durban (Jagarnath and Thambiran, 2018) and Cap@& Tdeekman and von Blottnitz, 2017).
Increasing resource access remains a key chalfengeese cities, with Kennedt al. (2015)
concluding that SSA cities (e.g., Lagos) are “conisig resources at rates below those that
support a basic standard of living for all citizenkhis is consistent with research comparing
120 African cities that found strong correlatiomsvieeen resource use and GDP/capita or Human
Development Index (HDI) ratings (Currg al, 2015; Currie and Musango, 2017).

Few studies have projected energy use and GHG iemsssathways in SSA cities (e.g., Senatla
(2011), Godfrey and Xiao (2015), SEA (2015a) ammh8tand Wiswedel (2018)). However,
there are a number of studies in other regione®filobal South, especially Asian and Latin
American cities (e.g., McPherson and Karney (20C4)lacoet al.(2019) and Huangt al.
(2019)). Emissions pathways are estimated usingesicebased models that aggregate data
across different urban sectors. For example, SdodéVNiswedel (2018) use the Stockholm
Environment Institute’s Long-Range Energy Altermes Planning (LEAP) software to assess
the scale of GHG emissions growth (from residenitialustrial and transport activities) in urban
SSA from 2012 to 2040. Results indicate that udagrgy demand in SSA cities could increase
fourfold by 2040, with GHG emissions rising 280%id'would shift the region’s share of

global emissions from 1% (in 2012) to 4% in 2040China, Huangt al. (2019) also use LEAP
to project peak levels of GHG emissions in the oftfsuangzhou. Findings show that while
emissions will peak by 2023 under existing climaiégation policies, the peak could be moved

forward to 2020 with more stringent energy conseowmeand policies, including (among other

7
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interventions): (1) adjusting the energy mix anddmof passenger transport; (2) and replacing
coal and oil use with electricity and natural gashie industrial sector; and, (3) enabling large
scale-up of renewable energy power. Similar apptina of the LEAP model at the city-level
are available for S&o Paulo (Collagival, 2019), Panama (McPherson and Karney, 2014),
Bangkok (Phdungsilp, 2010), and several Chinegesqizhouet al, 2016; Faret al, 2017;
Yanget al, 2017; Linet al, 2018), among others.

Outside of LEAP, researchers have employed moaelsrameworks designed for specific
sectors, including buildings (e.g., Lat al. (2017), Liet al. (2019) and Mokhtarat al. (2019)),
transportation (e.g.,Pongthanaisawan and Sorapip#P913), Aggarwal and Jain (2016), Dhar
et al.(2017) and Deet al.(2017)) and industry (e.g., Waegial. (2013) and de Souz al.
(2018)). Other studies have used Integrated Assadskhodels (IAMs) to forecast long-term
energy and emissions scenarios (e.g., Raahl. (2017), van Sluisveldt al. (2018), Silva
Herranet al. (2019) and Wit al. (2019)). IAM literature remains limited in the S$&gion,

with notable exceptions by Calvet al. (2016), Luca®t al.(2015) and van der Zwaa al.
(2018). In particular, van der Zwaahal. (2018) model pathways for low-carbon development
in Africa (including North African countries) usirtge “TIAM-ECN” IAM model, designed to
simulate the development of energy economies awer. fTheir findings show that while
Africa’s GHG emissions could become substantial gliobal scale by 2050, the region could
“leapfrog” fossil-fuel based growth with large-sealse of renewable energy options (van der
Zwaanet al, 2018).

A final set of studies couple IAMs with the SSP®toject a range of socio-economic trends,
such as future changes in global population (KClartd, 2017), urbanization (Jiang and
O’Neill, 2017) , energy use (Bauet al, 2017) and air pollution (Raet al, 2017). However, a
number of research gaps remain in the IAM and &8Rdure. Local- or city-level data is not
widely incorporated into models and there is needtlditional research at lower geographic
scales to enable local dynamics to be incorporiatedAMs (Croninet al, 2018). Currently,
studies by Kamegt al.(2016) and Hoornweg and Pope (2017) are amonfgthstudies that
adopt the SSP narratives at the city-level (thodginot use an IAM approach). Kansgial.
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(2016) determine long-term socioeconomic scenamid®kyo based on a theoretical model and
expert interviews, while Hoornweg and Pope (20Dbilipte their narratives with regression

models to project urbanization trends in the warldrgest cities to 2050, 2075 and 2100.

Gaps in modelling approaches remain, and researtlage called for additional studies in
developing regions, especially Africa (Cromihal, 2018; van der Zwaaet al, 2018). Our

paper contributes to the growing SSP literature@lsas provides the first application of SSPs
in Dar es Salaam or Tanzania. The novelty in opragech is embedded in our scenarios and
projections. Unlike existing urban metabolism séisdtonducted in the region that do not focus
on changes in GHG emissions over time (e.g., Kamflalasa, 2017), Lagos (Kenneelyal,
2015), Durban (Jagarnath and Thambiran, 2018) dret®aforementioned), we present current
(2015) and potential changes in GHG emissions ind3&alaam to 2050, deriving insights that
may inform GHG projections for other SSA citiesrthermore, considering that the IAMs
(including the SSPs) are not adapted for city lewvellysis (Croniret al,, 2018), we couple our
SSP narratives with a LEAP modelling approach @8R has been widely adopted to estimate
long-term energy use and GHG emissions in devetppiuntry contexts). Finally, while
research by Grubleat al. (2013) and Kennedst al. (2014, 2015) highlights the low energy use
of SSA cities (compared to Global North citiesiremsing economic activity in the region will
cause the region’s future emissions to become antisk at the global level (van der Zwasin

al., 2018). However, cities have an opportunity tolenpent policies that support low-GHG
communities and realize significant GHG mitigatieith future urban growth. Therefore, the
urbanization narratives modelled in this paper PB&ustainable Growth), SSP2 (BAU
Growth), and SSP3 (Fragmented Growth) (describeldrMethods) — present distinct
urbanization, energy use and GHG emissions fufiord3ar es Salaam. The narratives provide a
basis for identifying (1) key household and trantgtoon drivers of GHG emissions in Dar es
Salaam, and (2) investments that can support fetmissions reductions (which could

potentially be generalizable to other large SSkes)t
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3. Case Study of Dar es Salaam, Tanzania

With an estimated population of 5.1 million (or 3illion households) in 2015 (World Bank,
2018), Dar es Salaam is the largest city and ecanbub of Tanzania. The city is experiencing
significant changes in urban form, although itaged that the city masterplan was last updated
in 1979 (Government of Tanzania, 2017a). StrudyrBlar es Salaam exhibits a monocentric
and radial urban form, with highest population diées clustered around the city centre and
along the four major arterial roads, i.e., to tbetimalong Bagamoyo road, north-west along

Morogoro road, south-west along Nyerere road anthsalong Kilwa road ( Figure 1).

Legend: Major arterial
roads and population
density (people/km?)

Arterial Road
Density

B o 0

440 - 1,400
[ 14002700
[ J2r700-3,700
[ 3700-4600
B <600 -6,100
- 6,100 and above

Figure 1: Map showing average population densitie Dar es Salam (by ward) and major
arterial roads (Bagamoyo, Kilwa, Morogoro and Nyeree). Map was compiled in ArcGIS
by authors using population data from the 2012 natinal census report(Government of
Tanzania, 2016b, 2017a)

Generally, energy sector statistics in Tanzaniagperted at the national level, including
through the National Communications to the Unitedidbhs Framework Convention on Climate
Change (UNFCCC) (Government of Tanzania, 2015)egtimated 75% of Dar es Salaam
households have access to electricity (DHS Proge@i6; Government of Tanzania, 2017b).

10
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Despite high electrification levels compared tafareas (Government of Tanzania, 2017b),
urban households experience frequent power cutflatdations in voltage that can damage
electric appliances (Garside and Wood, 2018). Topansate for electricity shortages, “fuel
stacking”, where households use a combinationtarduels such as wood, charcoal, liquefied
petroleum gas (LPG) or kerosene (in addition totaldty) is widespread (Lusambo, 2016). It is
estimated that only 2% of Dar es Salaam househ@d®nly electricity for cooking and heating
needs (DHS Program, 2016).

In the transport sector, approximately 62% of aégenger trips (~81% of vehicle trips) are by
small minibuses called “dala-dalas” (Mkalawa andxid@, 2014). Other modes include private
cars (including taxis) (16% of vehicle trips) andtorcycles and tricycles (known locally as
“bodas” and “bajajis”) (3% of vehicle of trips) (bke 2) (Mkalawa and Haixiao, 2014).The dala-
dala service is widely used by the poor givenftsrdability, though it is often characterized by
poor service quality, untrained bus operators anmdadherence to traffic rules and regulations
(Nkurunzizaet al, 2012). To improve standards of service, theisiiynplementing a six-phase
Bus Rapid Transit (BRT) system, with main corridopgrating along the four major arterial
roads (Figure 1) (Government of Tanzania, 2017@sP 1 of the BRT was completed in 2016
and operates along Morogoro road ( Figure 1), wirimberses from Dar es Salaam’s high-
income central business district towards middlel lamw-income residential areas in the west.
Plans to expand the BRT up to six phases are diynamerway (World Bank, 2017b). More
detail about the BRT implementation is availabl&M.9.

4. Methods

We model future pathways of energy use and GHGsaomis in Dar es Salaam from 2015
(current year) to 2050 with a focus on the residésector, including associated public and
private road transportation. We include direct (&) emissions from households (i.e.,
emissions from the use of charcoal, wood, kerosetiguified petroleum gas (LPG), and
emissions from road travel using private vehiclepublic transport modes), as well as upstream
(Scope 2) emissions from electricity generatiom (fousehold use or electric vehicle charging).

We broadly describe these activities as “resid@ntidhe remainder of the paper. We do not

11
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account for emissions from fuel production, or froommercial and industrial activities,
including air, railway or marine transport. We atkmnot include embodied (Scope 3) emissions

associated with product manufacture and shipping.

The focus on residential energy use and emissgdge to the large contributions of these
activities compared to industrial activities, onet productive sectors. Domestic use of biomass
(i.e., charcoal and fuel wood) accounts for ovéXoQfi final energy consumption in Tanzania
(Government of Tanzania, 2014a). However, biogearbon emissions from biomass
combustion, as well as emissions from Land Use Hasel Change and Forestry (LULUCF) are
not included in emissions inventories for the epesector category. Emissions accounted for in
the sector include national electricity (~11%),ddensportation (~27%),
manufacturing/construction (~7%), and commercedjdential and agricultural activities

(~55%) (WRI, 2015).

All GHG emissions are stated in kilotonnes of carlibioxide equivalent (ktC&), which
includes CQ, methane and nitrous oxide. GHG emissions arauledér using 100-year global
warming potentials (GWP) (IPCC, 2013). GWPs andssians factors for all household and
transport fuels are listed in SM.1.

4.1. Dar es Salaam’s Urbanization Narratives

Our urbanization narratives are inspired by thesS8lkch have been developed and modelled
by climate change researchers (e.g., Realail. (2017)). The original SSPs are based on five
narratives or “storylines”, each with different saguences for global and regional socio-
economic development under increasing climate saicey (O’Neill et al, 2017). We focus
specifically on SSP1, SSP2 and SSP3 as they sirffigiillustrate a range of possible futures

that encompass results from SSP4 (“Inequality”) 8865 (“Fossil-Fueled Development”).

The narratives presented in this paper are siraglifiaseline projections of Dar es Salaam’s
future energy use and GHG emissions. Each narristigistinct and highlights different energy
use dynamics and outcomes. We assume no additlimalte mitigation actions beyond the

baseline narratives (and as outlined in the Methodserefore, in Section 4.4, we include an

12
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additional mitigation scenario that facilitates h@mination of aggressive GHG mitigation

policies focused on decarbonization of electrieityl road transportation, and assesses which

activities have the potential to drive the largasissions reductions to 2050. Table 1 describes

Dar es Salaam’s urbanization narratives and jaatifins, as appropriate.

Table 1: Dar es Salaam’s Urbanization Narratives (ispired by the SSPs).

2050.

= BRT ridership
accounts for 40% of
total passenger trips,
similar to reported
ridership in Latin
American and Chines
cities (WRI, 2018).

= Fuel efficiency of
light-duty vehicles
(LDVs) improves to
OECD levels, in line
with global targets to
2050 (OECD/IEA,

(1]

2017a).

2050.

BRT ridership accounts

for 15% of total
passenger trips,
consistent with existing
BRT implementation
plans (World Bank,
2017b).

Fuel efficiency of
LDVs progresses to the
same levels observed i
middle- and high-
income cities today.

Indicators | SSP1 (Sustainable SSP2 (Business as SSP3 (Fragmented
Growth) Usual Growth) Growth)
Population | = Fastinitial population Moderate population | =  Slow initial population
growth by 2050. growth, consistent with growth.
= Lowest peakin historic growth trends. | =  Highest peak population
population after 2050 Moderate peak in after 2050 (Figure 2).
(Figure 2). population after 2050
(Figure 2).
Households | = 100% electrification ig 100% electrification by| = No change in
realized by 2050, 2050, though electrification levels from
resulting in net-zero households continue td 2015, and households
consumption of rely on traditional fossil continue to rely on
traditional fossil fuels fuels. traditional fossil fuels.
(i.e., charcoal and
wood) by 2050.
Passenger | = Phases 1to 4 of the Phases 1 to 4 of the = Phases 1to 4 of the BR]
Transport BRT are complete by BRT are complete by are complete by 2050.

]

>

BRT ridership accounts
for 15% of total
passenger trips, with
future BRT expansion
plans halting post-2050.
Fuel efficiency of LDVs
progresses to the same
levels observed in
middle- and high-income
cities today.

4.2. Modelling using the LEAP platform

For each SSP narrative, we use the LEAP modelliatioom (Heaps, 2016) to calculate Dar es

Salaam’s residential energy use and GHG emissmo#630. The platform offers a transparent

13
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way of structuring complex energy data, projectiifeerent demand and supply scenarios, and
integrating factors such as population growth, GIDE policy changes to energy sector analysis
(Heaps, 2008, 2016). LEAP has not been employedbidel energy use and GHG emissions in
Dar es Salaam or Tanzania.

Modelling capabilities include built-in calculatisio determine energy use and GHG emissions
based on time-varying data points (Heaps, 2008520he platform’s Technology and Energy
Database includes GHG emissions data for a ranfieelsf based on the Intergovernmental Panel
on Climate Change (IPCC) guidelines. The suppleargnhaterial (SM.10) provides more

detail about the calculation structure within LEAP.

4.3. Data sources and underlying assumptions (20332050)

We estimate Dar es Salaam’s residential energpndé&sHG emissions using the following data
and assumptions (see Table 2): (1) population, @mPPhousehold size; (2) population density;
(3) the GHG intensity of electrification; (4) fuese at the household level; and (5) fuel use for
road transportation. The following sections deseohr approach in sourcing data. We also
caveat that where data is not available for Deaaam, we draw from national estimates, or

proxy data from other cities in developing regions.
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Table 2: Key indicators and underlying assumptions for estirating Dar es Salaam’s residential energy use and Gkemissions for
SSP1 (Sustainable Growth), SSP2 (BAU Growth), andS®3 (Fragmented Growth) narratives from 2015 to 20&

Data source for

# Indicator Unit Currentyear — | Datasource for | gopg 5050 | SSP2-2050 | SSP3—2050 |  assumptions to
2015 current year
2050
1 Population million 51 (World Bank, 2018) 16 15 12 Equation 1
2 GDP/Capita usD $ 1,100 (IASA, 2015) 4,700 2,500 1,500 (IASA, 2015)
Reduction to 2
persons/HH at the
Household (HH) (Government of lower bound reflects
3 size persons/HH 4 Tanzania, 2014b) [2-4] [2-4] [2 - 4] the lowest HH size
observed globally
today (UN, 2017)
Number of - (Government of .
4 households million 13 Tanzania, 2014b) [4-12] [4-8] [3-6] Author calculation
Average (Government of
5 | population density persons/krh 3,100 Tanzania, 2014b) 3,100 3,300 3,500 Downscaled 1krh
population density
% change in projections from (Jones
6 average population 0% 6% 13% and O'Neill, 2016)
density (Figure 3).
I % of total (Government of (Government of
7 Electrification level households & Tanzania, 2017b) ek ek e Tanzania, 2017b)
8 GHG intensity of gCOe/kWh 405 Author calculation 405 435 435 Author calculation
electricity
9 Electricity use™* 5 (IEA, 2014) 46 25 18 _
Assumption based on
SSP narratives for totdl
10 LPG usé-* GJ/HHIyr. 4 0 16 10 household energy use|
(Drazuet al, 2015) see Table 3.
11 Kerosene usé* 1 0 13 7
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Current year —

Data source for

Data source for

# Indicator Unit SSP1-2050 | SSP2-2050| SSP3-2050 assumptions to
2015 current year
2050
12 Fuelwood usé* 16 (Drazuet al, 2015) 0 0 8
13 Charcoal usé* 21 (SEA, 2015b, 2015a 0 0 10
Annual VKT per (Mkalawa and Elasticity between
14 cavita P km 870 Haixiao, 2014; 870 860 840 density and VKT
P World Bank, 2017a) (Guerra, 2014)
15 LDV 16% 12% 15% 15%
Based on assumption
that relative change in
vehicle trips will
Dala-dala (standard (Mkalawa and mostly shift from dala-
17 . 81% Haixiao 2014) 55% 67% 67% dala to BRT as stated
bus: 40-seater) . .
in Methods, with small
) changes in LDV and
% of total vehicle motorcycle/tricycle
Boda or Bajaji trips use.
18 (motorcycle or 3% 3% 3% 3%
tricycle)
Based on projected
5 completion of BRT
16 BRT 0% (World Bank, 2017b) 30% 15% 15% Phases 1 to 4 (see
(World Bank, 2017b))
19 Electric Vehicles' 0 (IEA, 20174, 2018) 1% 0.1% 0.1% (IEA, 2017a, 2018)
20 F?f['){jié 12 (World Bank, 2017a) 4.4 7.4 7.4 (IEA, 2014, 20173)
5 litres/100km (
Fuel us DART Agency, .
21 (BRT) 38 2017) No change. Author assumption.
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Current year —

Data source for

Data source for

# Indicator Unit SSP1-2050 | SSP2-2050| SSP3-2050 assumptions to
2015 current year
2050
Fuel usé
22 (dala-dala) 33
23 Fuel use 18 (IEAGFEI, 2015)

(Boda or Bajaji)

Load factor by vehicle mode (from 2015 to 2050):

LDVs — 1.8 passengers/vehicle (World Bank, 2017a)
Dala-dala — 40 passengers/vehicle (DART Agency7201
BRT — 150 passengers/vehicle (DART Agency, 2017)
Boda or Bajaji — 1.2 passengers/vehicle (World B& 7a)

Notes:

Total household energy use remains constant féutaite projections, though the relative shareief use change based on the SSP narrative.
2We assume no BRT ridership in 2015. Phase 1 dBRiE was fully operational in May 2016 (DART, 2017).
3We assume different changes in the generation epending on the scenario (SM.3)
“EV projections are based on current IEA estimateSbuth Africa (SSP2 and SSP3) and Europe (SSP1).
590%and 10% of LDVs in Tanzania use gasoline ansetlie@spectively (World Bank, 2017b). Taking intweunt these relative shares, average LDV fuelsisstimated, assuming ~7
(World Bank, 2017a).
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4.3.1. Population, GDP and Household Size

For each SSP narrative, we estimate Dar es Saldataie population to 2050 as follows:

DAR Population,,, =TPyear X TUPyeqr X PSyear (1)

WhereYearrepresents the year of predictidi® represents Tanzania’s total population (in
millions) for the given yeaiTUP represents Tanzania’'s urban population level (@reentage)
for the given year, andSis the population share of Dar es Salaam (as@eptyge of the total

urban population) for the given year.

We determine Tanzania’s total populatidif®] and urban population levelgP) from the

existing population and urbanization projectionsthe SSPs (Jiang and O’Neill, 2017; KC and
Lutz, 2017), which include data from 2010 to 2100er the last 20 years, Dar es Salaam has
consistently accounted for approximately 30% ofdbentry’s total urban population (World
Bank, 2018). We assume this share will remain &b a@ross all future scenarios (while a rate of
30% may seem low, we expect that this is consistéhtthe large growth also expected in other
Tanzanian cities). Finally, we estimate GDP peitedpetween 2015 and 2050 by dividing
Tanzania’s projected GDP, available in the SSPodat (1IASA, 2015)by Tanzania’'s

projected total populatioTP).

4.3.2. Household Size

We estimate the average household size in Darlaar8at four persons per household in 2015
(Table 2) (DHS Program, 2016). Across all SSPszaaia’s total fertility rate (TFR) is

projected to fall (Lutzt al, 2014), suggesting that household size will likidgrease in the

future. To estimate future changes in householke @ impact on household energy use and
emissions, we consider two bounding scenarios agBn upper estimate, we assume household
size remains constant at four persons per houséh@a50; and (2) as a lower estimate, we
assume an eventual reduction in household sizeoysdns per household by 2050, consistent
with the lowest household estimates observed dphaday (UN, 2017). This also serves the
purpose of allowing per capita energy to increasa function decreasing household size. For

example, our assumption that total household engsgyremains constant to 2050 (Table 3),
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298 implicitly increases per capita energy use withrégbuction in household size. Therefore, while
299 we are unable to create a more refined estimatbariges in total household energy use in Dar
300 es Salaam due to the data limitations, our modg#ixplores some possible futures in GHG

301 emissions across a range of estimates (based bredestant and changing household size).

302 4.3.3. Population Density

303 We project Dar es Salaam’s average population tensing Jones and O’Neill’s (2016) spatial
304 projections which map global and regional changasglban, rural and total population (based on
305 1kn? grids) from 2010 to 2100. By considering only taasids that fall within Dar es Salaam’s
306 administrative boundary, we calculate changesercity’s urban density (i.e., sprawl or

307 concentration) for each processed layer (for SSBP,2 and SSP3).

308 4.3.4. Electricity Generation

309 Currently, Tanzania's electricity generation mixiseninated by natural gas (59%) (SM.3);
310 hydro-power (35%), Heavy Fuel Oil (HFO) (5.7%) dndmass (0.3%) account for the

311 remaining fractions (Government of Tanzania, 201Bg)2040, Tanzania aims to expand the
312 generation mix to include coal, solar, wind andtgeomal sources (Government of Tanzania,
313 2016a). According to Tanzania’s Intended NationBlistermined Contribution (INDC)

314 (Government of Tanzania, 2015), geothermal poteistiestimated at 5GW and hydropower at
315 4.7GW (though installed capacity is currently 0.6@®¢vernment of Tanzania, 2016a)). Our
316 LEAP model assumes different transformations ingdeeration mix for each SSP narrative.
317 SSP1 assumes a 10% penetration of renewable ewerggistent with the highest level of

318 renewable energy penetration scenario (‘Scenajiodsisidered in Tanzania’s National Power
319 Plan (Government of Tanzania, 2016a). SSP2 and 88§ 8ne a shift in the generation mix to
320 natural gas (40%), hydro-power (20%), coal (35%3 8% penetration of renewable energy
321 (i.e., solar and wind sources) by 2050. These ambragnts are consistent with the preferred
322 scenario envisioned under Tanzania’s National P&am (“Scenario 2”) (Government of

323 Tanzania, 2016a).

324
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4.3.5. Household Activities

We estimate energy use and GHG emissions assowidtetliels used for space and water
heating, cooking, lighting and appliance use withia city (Scope 1), as well as associated
emissions from electricity generation (upstreantpf® 2). In 2015, Dar es Salaam’s household
electricity use was estimated at 1,250 kWh/housk{tdH)/yr (~5 GJ/HH/year). This is
consistent with the World Bank’s “Tier-4” level efectricity access, where households use
electricity for lighting and some medium-power agptes (e.g., television, radio, phone
charger) (World Bank, 2015). By 2035, Tanzania plamachieve a national electrification rate
of 90% (Government of Tanzania, 2016a). Therefoue modelling assumes that 100%
electrification is realized for SSP1 and SSP2 lyR2GBSP3 assumes no progress is made, with

electrification remaining at 75%.

In most households, charcoal or LPG are widely uisedmbination with electricity. For
example, in 2015, 75% of households in Dar es Salased electricity and 69% used charcoal
(DHS Program, 2016; Government of Tanzania, 201¥iegning that some households were
using both charcoal and electricity for daily negdther household fuels include LPG (14%),
wood (6%) and kerosene (6%). We implicitly accdiantthese fuel stacking behaviors by
calculating the total household energy use (in Gy and estimate the relative change in fuel
use shares (i.e., charcoal, wood, LPG and keroseneach SSP narrative (Table 3). Moreover,
all future scenarios assume that total househadggruse remains constant, though we change
both the household size and the relative energgligees from the different fuel sources based
on the SSP narrative. Although household energyersains constant, we report results in each
scenario for both constant and decreasing houseizgd, with the latter implicitly allowing
growth in household energy use per person. Refitiiage projections for household energy use

is an important area for future work.
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350

Table 3: Modelling assumptions for changes in houbkeld energy use for (Sustainable
Growth), SSP2 (BAU Growth), and SSP3 (Fragmented @wth) narratives.

Scenaric % share of total Estimated changes in energy use (by fuel) to 2C
household energy use
in 2015 (current year)
SSP1 » Electricity: 11% = Electricity accounts for 100% of total househ
(Sustainable (5 GJ/HH/yr) energy by 2050.
Growth)
= LPG: 9% = Charcoal and wood use phased out by 2030.
(4 GJ/HH/yr)
= LPG and kerosene use peak to 35% and 28% of
= Kerosene: 2% total household energy in 203@llowed by a
(1 GJI/HH/yr) decline and eventual phase out by 2050.
= Charcoal: 46% = Total change in energy use (i.e. from phased out
(21 GJI/HH/yr) charcoal, LPG and kerosene) shifts to electricity.
SSP2 (BAU * Fuelwood: 32% (16| = Electricity accounts for 100% of total househ
Growth) GJ/HH/yr) energy by 2050.
= Charcoal and wood use halve by 2030 but are
entirely phased out by 2050.
= Total change in energy use (i.e., from phased qut
charcoal and wood) shifts to electricity, LPG and
kerosene, in equal amounts
SSP3 = Electricity accounts for 38% of total househ
(Fragmented energy by 2050.
Growth
rowth) = Charcoal and wood use halve by 2050.
= Change in total energy use (i.e., from reduced
charcoal and wood) shifts to electricity, LPG and
kerosene, in equal amouhts
Notes:
The eventual phase out of charcoal in 2030 resulisshift in total energy use towards electricity,
LPG and kerosene. This shift is what drives thkpedPG and kerosene use to 2030. However,,
with continued urbanization and economic growtBar es Salaam, we assume that consumption of

these fuels will decline post-2030 with improvedadficity access.

2The change in total energy use from charcoal aeliviod use is divided by 3 with amounts (in
GJ/HH/yr) transferred to electricity, LPG and kemos (see Table 2).
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4.3.6. Transport Activities

We project future changes in travel demand basezhanal vehicle kilometers travelled (VKT)
which accounts for city travel by LDVs and publiartsit, i.e., dala-dalas, “bajajis” (tricycles),
“bodas” (motorcycles) and the BRT. For the baselve estimate VKT as a product of the
average number of vehicle trips (1.2 trips/persapfdVorld Bank, 2017a)); average trip
distance (20 kilometers (World Bank, 2017a)); melare; and load factor. Empirical evidence
from other developing cities, particularly in Lathmerica, shows statistically significant
correlations between the urban built environmendt\AKT (Zegras, 2010; Guerra, 2014;
Engelfriet and Koomen, 2018). To estimate the daticn between VKT and population density,
our modelling draws from research conducted in exXtity. Using an uncensored latent VKT
value that reduces modelling bias associated vifitbrent household travel behaviors, a 1%
increase in population density is correlated withh@G8% reduction in VKT (Guerra, 2014). We
apply this correlation to our LEAP calculationsetimate the future change in VKT with

changes in density for each SSP narrative.

All vehicle load factors and fuel consumption esties are in Table 2. While, key assumptions

for different transport modes include:

= Electric Vehicles: We anticipate that some penetration of electriactes in Dar es

Salaam is likely, given the existing policies amahg to increase production of EVs
globally (IEA, 2018). However, it is difficult to ake reasonable projections for Dar es
Salaam to 2050 given the limited data availabl¢henEV market potential in East
Africa. Currently, South Africa is the only Africazountry with electric vehicles,
representing only 0.1% of passenger vehicle stO&QD/IEA, 2017b). Our SSP2 and
SSP3 narratives estimate that Dar es Salaam realigenilar level of EVs in the LDV
offleet by 2050 (Table 2); while SSP1 estimatesarease to 1%, similar to levels
observed in Europe today (e.g., Netherlands andi&wegIEA, 2018). This seemingly
low level of EV penetration is consistent with @ssumption that these are baseline
projections with no special measures taken towat& @nitigation beyond the broad

narrative of each scenario. This assumption ixeelan our discussion of aggressive
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GHG mitigation scenarios in Section 4.4. Finallg assume electricity consumption of
27 KWh per vehicle-kilometer, consistent with IEgtimates (IEA, 2018).

» BRT expansion:For all scenarios, we assume that Dar es Salaarpletes Phases 1 to
4 of the BRT by 2050, consistent with current inmpéatation plans (SM.9). Completion
of the four phases would result in approximatel§,900 riders per day (World Bank,
2017b), equivalent to 15% of total passenger ing15. Therefore, SSP2 and SSP3
assume that BRT trips increase to 15% (of all pagsetrips), while SSP1 assumes a

higher increase to 40%, similar to levels repontedatin American and Chinese cities

(UITP, 2015; WRI, 2018). We estimate BRT fuel canption at 38 liters/100km

(DART Agency, 2017) (Table 2), similar to consuroptprofiles in Latin America and

Asian cities, e.g., 33 litres/100km (Jaipur, Incaag 40 litres/100km (Quito, Ecuador)

(WRI, 2018). We also assume that BRT fuel consumnptemains at this level to 2050.
» Dala-dala travel: We assume no changes in dala-dala fuel consumiati2050, i.e.

consumption remains at 33 litres/100km (DART Ager&917), given the current plans
to reduce dala-dala use with a shift to BRT (Wd&hk, 2017Db).

= LDV travel: Fuel consumption estimates for the LDV fleet (+1200km) are taken
from (World Bank, 2017b). Projecting to 2050, S®tisions that LDV fuel
consumption improves to 4.4 L/100km, consistenhWHA targets (IEA, 2017b;
OECDI/IEA, 2017a). SSP2 and SSP3 assume a lesssaiygr@anprovement to 7.4
L/100km, consistent with projections to 2040 foe #frica region (OECD/IEA, 2014).

5. Results and Discussion
5.1.Changes in Dar es Salaam’s total population andkensity

Across each of the SSPs, Dar es Salaam is shoguptyience substantial population growth
between 2015 and 2050. Projections for Dar es 8édgaopulation to 2050 are based on
Equation (3). In all scenarios, Dar es Salaam bescrmegacity by 2050, with the city’s
population growing to 16 million under SSP1, 15liom under SSP2 and 12 million under SSP3
(Table 2 and Figure 2). Dar es Salaam experiemeefastest urbanization rate under SSP1,

while moderate and slow urbanization occurs un@&?®Zand SSP3, respectively. Our SSP1
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population projection for 2030 (9.2 million in Das Salaam) is within 15% of the United
Nation’s World Urbanization Projections (WUP) estiie for 2030 (~10.7 million) (UN, 2018).
In addition, Hoornweg and Pope (2017) extrapolageWUP dataset to 2100 and project Dar es

Salaam’s population at 16 million in 2050. This@sistent with our SSP1 and SSP2 estimates.

Fundamentally, our scenarios are based on Jian@@&heill (2017) who project substantial
urban growth in Tanzania across each of the SSffisn&ies to 2050 project up to 60% (SSP1),
50% (SSP2) and 30% (SSP3) urbanization in TanZdi@iag and O’Neill, 2017), increasing the
urban share of Tanzania’s population by 7% to 3&%ben now and mid-century. Our
calculations show that this is equivalent to abeopopulation increases of 12 million (SSP1),
11 million (SSP2) and 7.5 million (SSP3) betweeh®@nd 2050 (Figure 2).

35
End year
30 for LEAP
model

= = NN
o o o o

Dar es Salaam Population (millions)
(&)

2015 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year

SSP1: Sustainability=——SSP2: BAU —SSP3: Fragmented

Figure 2: Changes in Dar es Salaam's Population fro 2015 to 2050 for SSP1 (Sustainable
Growth), SSP2 (BAU Growth) and SSP3 (Fragmented Greth) narratives. Our LEAP
model calculates energy use and emissions to theay@050; though, estimates are extended
to 2100 to illustrate the eventual slow-down in Daes Salaam’s population under SSP1.
Dar es Salaam’s population continues to increase athigher rate for SSP2 and SSP3.
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Dar es Salaam’s average population density in 20&Stimated at 3,100 personsfkm
(Government of Tanzania, 2014b). By 2050, we ed#rtizat the city’s average population
density remains the same for SSP1 (3,100 persofjséd increases slightly for SSP2 (3,300
persons/krf) and SSP3 (3,500 personsArtFigure 3). Our calculations are based on Jonds a
O’Neill's (2016) “spatially explicit” global poputson scenarios, which we use to extract the
population density projections for Dar es Salaage (dethods). Given the counter-intuitive
nature of the results — i.e., we would expect higlemsity under SSP1 would be correlated with
sustainable resource use (Kennetlgl, 2015) — we caveat that these projections arernhe
available dataset estimating future population iiessbased on the SSPs (Gao, 2017) and
estimates can be improved with neighborhood leatd dollection. The maps (shown in Figure
3) do not illustrate the growth in Dar es Salaaspatial extent; for example, the likely urban
sprawl given the estimated population increasesaiteaprojected for each SSP narrative.
Therefore, the maps should not be interpreted @sate projections of density changes of
specific neighborhoods. Rather, they provide albasassessment of the differences in density
change (at the city level) among the three SSRatvees. For example, FiguBeshows that SSP1
has higher population densities closer to theagtytre and along the four major arterial roads
(key development areas for the BRT expansion). &\&elttlement patterns for SSP2 and SSP3
are more dispersed — they show higher densitie®cto the periphery, particularly in the south-
east region of the city. Overall, these pattermspgravide insight related to prioritizing policy

efforts and infrastructure investments.

25



443

444
445

446
447
448
449
450
451
452
453
454
455
456
457
458
459

% A

o

i
i ‘?" A
e ‘g b
L S5
£150 ? ,

——

4 |

2015 (Current) SSP1: Sustainability

Average density: 3,100 people/km’ Average density: 3,100 people/km’

Density (people/km?)

B 0- 440

U 440-1.400
1.400-2700
2700-3,700
3,700 - 4600

SSP2: BAU SSP3: Fragmented I 4,600 - 6,100
Average density: 3,300 people/km®  Average density: 3,500 people/km® Il 5.100 and above

Figure 3: Spatial population projections for Dar es Salaam from 2015 to 2050 for SSP1
(Sustainable Growth), SSP2 (BAU Growth) and SSP3 (eRgmented Growth) narratives.

5.2. Linkages between the SSP narratives and Dar 8slaam’s GHG emissions

Across each of the SSP narratives, population drasvé major driver of rising residential
energy use and emissions in Dar es Salaam. In 2@ Bstimate total emissions from domestic
households and transport activities at 1,400 ki&C@able 4). In 2014, total energy sector
emissions in Tanzania were reported at 22.26 MeEQW/RI, 2015). Dar es Salaam accounts for
approximately 10% of Tanzania’s total populationof\! Bank, 2018); therefore, we roughly
estimate the city’s total energy sector emissiar226 ktCQe. Emissions from domestic
households and road transport count for approxin8@% of national energy sector emissions
(Government of Tanzania, 2014a), which would stalgpproximately 1,780 ktC@ for Dar es
Salaam. Therefore, our estimate of 1,400 k#Cfor residential sector emissions in 2015 (i.e.,
resulting from energy uses from domestic houselotitransport activities) is consistent with
the national dataset (within ~18%), as we do nobaunt for energy use in the commercial and
industrial sectors.

26



460
461
462
463
464
465
466
467
468
469
470
471

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487

By 2050, we estimate that Dar es Salaam’s totaleasial emissions will increase to between
25,000 ktCQe and 33,000 ktCg (SSP1); 11,000 ktG® and 19,000 ktCg (SSP2); and 5,700
ktCO.e and 11,000 ktCg (SSP3). This is correlated with an increase rcppita emissions
from 0.2 tCQe in 2015 to between 1.5 tG®and 2 tC@e (SSP1); 0.7 tC and1.3 tCge
(SSP2); and 0.4 tC® and 0.9 tCge (SSP3). Our estimates represent a 4 to 24-foteéase in
emissions to 2050 (relative to 2015), due to tlghléi urban population in 2050 and increased
energy access and electricity consumption. Incceasgssions from household electricity use
are due to the assumed continued use of foss# foeklectricity production, consistent with
projections under Tanzania’s national power plaov@&@nment of Tanzania, 2016a). The
Tanzanian government projects that natural gasaabwill continue to dominate Tanzania’s
electricity mix to 2040, accounting for 40% and 33%80, respectively of the mix (Government

of Tanzania, 2016a). We apply these projectiongsaceach of our scenarios (see SM.3.).

To our knowledge, there are no other projectiongsidential GHG emissions in individual
SSA cities against which to compare our resultsvéler, a growing number of regional studies
indicate an overall upward trend in GHG emissions tb increased electricity access and
economic activity in the region. For example, Caki al. (2016) estimate that GHG emissions
in the SSA region will increase by 2.7 % to 3.8% yemar from 2005 to 2100 (or by ~122% to
~171% by 2050). The International Energy AgencyAjlgrojects slightly lower levels of

growth, estimating an ~ 80% increase in GHG emissio the SSA region by 2040 (i.e., from
1,141 Mt CQ to 2,051 Mt CQin 2040) under their “Current Policies” scenailieX, 2017b).
While, van der Zwaagt al. (2018) estimate a 100% (2-fold) increase in GHGssions in
continental Africa (including North Africa) from 28 to 2050 under their “reference scenario”,
and a 30% to 40% increase by assuming (1) a 4%ahmurease in the C{price (“TAX”
scenario) or (2) a 20% reduction in global emissiby 2050 (“CAP” scenario). In contrast, the
results presented in this paper are applicabledity rather than the regional level (as the
above-mentioned regional studies combine both andlurban data). This partially explains the
variation in results, and our substantially higbstimates, given the larger concentration of

energy use in cities. Moreover, our emissions sgesare presented as a range, based on
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assumptions of household size, with the upper estimeflecting the lower household size

assumption (given that total household energy sigkept constant — see Methods).
5.2.1. Household Emissions

Between 80% and 90% of total residential emisseoesdue to household electricity use (given
that 70% — 75% of the electricity mix is from natugas and coal to 2050 (SM.3)). The
increasing number of households — particularly uigfP1 — is what fundamentally drives
emissions from electricity production (assuming togal household energy use remains
constant to 2050). Table 2 shows that electrifhdnouseholds under SSP1 and SSP2
narratives will be equivalent to electrifying ardé@nal 3 to 11 million households in 2050
(from 1.3 million households in 2015). Moreover 8HG intensity of electricity generation
remains high even under SSP1 (remaining at ~405g&@h in 2050) (Table 2) — a level that
well exceeds the IEA target of 254 g&tkWh by 2060 (IEA, 2017a). Given that the narrdiv
defined in this paper do not assume aggressive @HiGation policies — and instead, offer
baseline trajectories to 2050 — we find that tighest GHG emissions are associated with SSP1.
Therefore, our findings highlight the opportunity imore aggressive GHG mitigation policies to
reduce the GHG intensity of electricity generafisuch as integrating renewable sources) to

offset future residential emissions increases ind3aSalaam.

The fact that an SSP3 trajectory results in theekiwesidential emissions is largely due to the
inequalities in access that are reinforced undsrsitenario (i.e., no changes in electrification
from 2015) and a 25% lower population under SSB8ypared to SSP1. Under SSP1 and SSP2,
Dar es Salaam will likely surpass in absolute teim&050, the current (2013 — 2015) GHG
emission levels of North American and Europearsi{C40 Cities, 2017) (SM.5). On a per
capita basis, we find that emissions remain lowgamad to other global cities, assuming that
total household energy use remains constant. Fampbe, per capita emissions (from buildings
and transportation) in cities such as New York, Bamcisco or London (where data is more
robust) were estimated at 5.7 téefrapita (in 2014), 5.5 tC@&/capita (in 2015), and 4.5
tCO.e/capita (in 2013) (C40 Cities, 2017) (SM.5), comegawith only 0.5 tC@e/capita to 2

tCOye/capita across our scenarios.
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516 Finally, we do not account for biogenic carbon emaiss from charcoal or wood burning but
517 illustrate biogenic emissions for each scenariSih7, which increase to ~2,500 kt@O- 5,000
518 ktCO,e under SSP3 (which assumes a continued relianchayooal to 2050). Ultimately,

519 increasing charcoal use under SSP3 may threatest$an Dar es Salaam’s surrounding rural
520 areas, given that the city already consumes n&8@f of all charcoal produced in Tanzania,
521 which threatens an estimated 2.8 million hectafdsrests (~8.5% of Tanzania’s total forest
522 cover) (Msuyeet al, 2011). The use of charcoal and fuelwood is afdet to premature

523 mortality and morbidity from indoor air pollutioM{HO, 2012). Globally, the World Health
524  Organization (WHO) estimates that over four milljgremature deaths were attributed to

525 household air pollution from the traditional usebadmass fuels for daily cooking activities in
526 2012 (WHO, 2012).

527 5.2.2. Transport Emissions

528 Road transport is a smaller driver of total residdm®missions compared to household

529 emissions. Overall, total emissions from transpuntease from 490 ktC@ (in 2015) to 600

530 ktCOe (SSP1); 900 ktCge (SSP2); and 700 ktGO® (SSP3) in 2050 (Table 4). We find that
531 annual VKT per capita does not change substantallgss any of the narratives (Table 2), with
532 the highest drop (only ~3%) in VKT per capita, gaigpd under SSP3, which is due to the

533 slightly higher population density assumed undir tlarrative. In addition, although population
534 increases by three to four times by 2050, tranagiort emissions in all scenarios increase much
535 more slowly. This is due primarily to improving fueconomy and changes in mode share

536 (responsible for a 20% - 60% drop in per capitagpartation emissions relative to 2015).

537 Across all scenarios, emissions from LDV traveltfwninimal ridesharing) dominate;

538 accounting for over 80% of transport emissions (@ 4.
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Table 4: Total residential emissions from householdnd transport activities in Dar es Salaam by actity. Results for SSP1
, SSP2 (BAU Growth) and SSP3 (Rgmented Growth) narratives for 2030 and 2050.

(Sustainable Growth

C””ezrglfar - SSP1 - 2030 SSP2 — 2030 SSP3-20B0  SSP1-2050 2-SEFS0| SSP3-— 2050
HOUSEHOLDS
=  Electricity use ) ) [1,900 — [24,000 — [9,000 - 3
700 [6,400 - 7,100] [3,200 - 4,100] 2400 32.000 17,000 [4,500 — 8,900]
* LPGuse 60 [300 — 390] [230 — 290] [130 - 170] - [700 3a0] [330 - 650]
= Kerosene use ktCO,e 10 [170 — 210] [110 — 140] [50 — 60] - [400 -070| [200 — 300]
*  Charcoal usé 120 - [90 — 120] [80 — 140] - - [130 — 260]
*  Wood usé 20 20 20 20 ; - [20 - 50]
TOTAL EMISSIONS [24,000 - [10,000 - [5,000 -
(HOUSEHOLDS) ktCO,e 910 [6,700 - 7,500] [3,700 — 4,700 [2,200 - BBO 32,000 18,000 10,000
ROAD TRANSPORT
* LDVuse 440 560 600 500 500 800 600
" Dala-dalause 20 40 40 30 50 60 40
— ktCOe
* Bajaji or Boda use 30 50 40 40 80 80 50
* BRTuse - 0.4 0.2 0.1 2.0 07 0.3
TOTAL EMISSIONS
(ROAD TRANSPORT) ktCO e 490 700 700 600 600 900 700
TOTAL (RESIDENTIAL _ _ [2,800 — [25,000 — [11,000 — [5,700 —
EMISSIONS) oL S0 | 3,400] 33,000] 19,000] 11,000]
tCO.e/capita 0.2 [0.8-0.9] [0.5-0.6] [0.4 —0.5] [1.5-2] [0.7-1.3] [0.5-0.9]
[% change in total residential W EAAD Ve _ B0 [100% — [1700% — [690% - e (AR
emissions [430% — 500%] | [210% — 290%)] 140%] 2300% 1300%] [310% -660%]
Note:
ariation in GHG emissions due to variation in hetusld size for each SSP narrative. See Table 2.
2| EAP model does not account for carbon-dioxide siniss from charcoal and wood use (biogeni)CSee SM.7. for estimates of biogenic &fnissions.
=  Values rounded to 2 significant figures. Valuemdorepresent the precision of the estimates in.E¥sP model.
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=  Totals do not add due to rounding.
= Refer to SM.2 for emissions factors for all fueted in the LEAP model.
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5.3.Correlation between total residential emissionsGDP and population

By plotting population and total residential emiss on a logarithmic scale, we find that
population is positively and linearly correlatedWiGHG emissions. The resulting elasticities
reveal an increasing and positive relationshipafb6SPs. For example, our findings show a 1%
increase in total population is correlated with282 to 2.4% increase in total residential
emissions for SSP1, compared to an increase of to724.% for SSP2 and 1.5% to 2.2% for
SSP3. Dar es Salaam’s population growth is prajeite@esult in a super-linear scaling
relationship for all SSP narratives, with emissignswing at 150% to 240% faster rates than
population to 2050. While some studies have sholimear (Fragkiagt al, 2013) and sub-

linear (Kennedyet al, 2015) scaling relationship between city populagmd emissions, these
correlations have been weakest in low-GDP citieslfding African cities) given their low

levels of access to basic infrastructure serviaeb as electricity (Kennedst al, 2015).

Urban growth in low-GDP cities such as Dar es Salesquires that resource use increases to a
threshold that supports sustainable living starglfodresidents. Our results show that emissions
in Dar es Salaam increase super-linearly due todugul energy access and electricity-use, and
the likely high GHG-intensity of new electricity s@es to 2050 (Table 2). Furthermore, our
findings are influenced by the potential drop iubehold size and assumption that traditional
sources being phased out (wood and charcoal) wesldt in low emissions reductions due to

the exclusion of biogenic G@missions from the emissions accounting.

SSP1 is associated with the highest level of ecamgrmowth (IIASA, 2015). Projections show
that Tanzania is expected to experience a neaght-6old increase in GDP under SSP1, from
USD 49 billion in 2015 to USD 400 billion in 205@hile under SSP2 and SSP3, GDP is
expected to increase to USD 260 billion and USD Hillibn, respectively. These estimates are
available in the SSP database (IIASA, 2015). Tleesfplotting Dar es Salaam’s annual
residential emissions per capita against the prejeGDP per capita (using a logarithmic scale)
reveals a weak (sub-linear) correlation between @BdPemissions. For example, a 1% increase
in GDP per capita is correlated with an increase@.07% to 0.1% for SSP1 and SSP2, and 0% to
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0.1% for SSP3 (SM.6). As our model does not explieiccount for the likely rise in demand for
household energy services and transportation pores to growing GDP, these correlations are
(a) likely underestimated, and (b) not explicithusal (though potentially linked via the SSP

narratives).

5.4.Comparison of Dar es Salaam’s emissions projémns with those of other Global South

cities

A limited number of studies project changes indestial GHG emissions in individual SSA
cities, or at the regional level. The studies réasaoverall increasing trend in GHG emissions,
though at much lower rates than projected in opepalLike the current study, some of the
studies find that electricity-based emissions plaominant role in emissions increases (Table
5). However, accounting methods vary among theietyavhere electricity emissions are
calculated separately or included within a largesrgy sector. For example, in their “BASE”
scenario, Senatla (2011) show that electricity gggtien contributes more than 95% of
Gauteng’s residential sector GHG emissions bet28&7 and 2030. Regional projections by
Stone and Wiswedel (2018) estimate a 240% incrieastal urban emissions between 2012 and
2040, with transport and industry (including elexty use from industry) being the largest
contributors. Similarly, studies in other regiorigtee Global South (i.e., Asia and Latin
America) show that transportation and industry@®HG emissions given their more advanced
levels of socio-economic development. Table 5 caegpaur results with those of other studies
in the literature to (1) demonstrate the largeedéhce between our results and example results
from other regions, and (2) further illustrate tted for additional GHG emissions studies in

large SSA cities such as Dar es Salaam.

Table 5: Comparative GHG emissions results and maidrivers of GHG emissions for
selected cities or regions in the Global South

Study City/Region Scope Projection Percentage Main driver of
timeline change in GHG | GHG
emissions from | emissions
starting year
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This paper Da es Salaam, | Residential 2015 - 2050 310% - 2300%| Electricity
Tanzania sector
(Electricity use
increases from
5GJ/HH/yr in
2015t0 18 —
46GJ/HH/yr in
2050 - see
Table 2)
(Senatla, 2011) Gauteng, South Residential 2007 — 2030 ~100% Electricity
Africa sector
(Stone and SSA region Total urban | 2012 - 2040 240% Transport and
Wiswedel, 2018) emission$ Industry
(Godfrey and SSA region Total urban | 2012 — 2030 61% Variable based
Xiao, 2015) emission$ on city income
categorization
(i.e., middle-
income or least
developed city)
(Collagoet al, S&o Paulo, Brazi] Total urban | 2014 — 2030 43% Transport
2019) emission$
(Huanget al, Guangzhou, Total urban 2010 - 2030 ~20% Industry and
2019) China emission$ Transport
Projections are based on business-as-usual oiifseknarios mentioned in each study.
Total urban emissions refer to emissions in alkarbectors, including industrial, commercial, restitl and
transportation. Though, studies may use other oatesgin their accounting approach.

588

589 5.5. Implementing aggressive GHG mitigation policies undr SSP1

590 Of all regions in Africa, East Africa has the higheenewable energy potential (Luedsal,

591 2017). Estimates project that Tanzania can re#tiedollowing grid mix under an SSP1

592 narrative by 2040: 12% hydropower, 30% solar, 20¢dwand 14% geothermal (leaving 23%

593 for natural gas and coal combined) (Lueasl, 2017). These estimates are consistent with
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594 regional models for electricity generation in EABica and reflect the more rapid development
595 of renewables (wind and solar) in rural areas. different electricity generation scenarios are
596 detailed in SM.3. We include an additional narmfipased on SSP1 data and assumptions; see
597 Table 2) to test the impact of aggressive decadadion of electricity, combined with low-GHG

598 investments in transportation. Actions examinedaaréllows:

599 (1) 70% of the electricity generation to be from soleind and geothermal sources by 2050
600 (Lucaset al, 2017).

601 (2) The BRT system carries ~50% of all passenger trips.

602 (3) 60% of the LDV fleet is electrified by 2050, cortsist with global trends (IEA, 2017a).

603 As shown in SM.4, generating 70% of electricitynfroenewable sources in 2050 would reduce
604 the GHG intensity of the grid to ~129 gg&lkWh, compared to 405 gG&kWh under SSP1
605 (Table 2). By 2050, total residential emissions Mancrease to 7,400 ktG®— 11,000 ktCee,
606 which is ~66% lower than under our original susaitty narrative (SSP1), though still far

607 higher than current (2015) emissions. Total regideamissions for this aggressive GHG

608 mitigation narrative, are compared with those ef tkher SSP narratives in SM.8.

609

610 6. Research limitations and areas of future work

611 There are important areas of future work that ateswplicitly considered in our modelling.

612 First, the assumption that household energy usairesnconstant is an important limitation. This
613 assumption is expected to underestimate demarghégy in a developing economy such as
614 Dar es Salaam. Thus, our scenarios are likely coasee, even though they show an order of
615 magnitude increase in GHG emissions by 2050 (rgnigom 4 to 24 times the 2015 level, as
616 detailed in the results and conclusions). Secdnahicle manufacturers fulfill commitments to
617 scale up production of EVs or hydrogen fuel cehiigkes in the coming decades (IEA, 2018),
618 and these become more broadly affordable, Tanzaajasee growth in EVs by 2050 beyond the
619 estimates projected in our model (see Table 2),Atsprovements in road infrastructure and

620 public transit (with the BRT expansion) may resualinduced or latent travel demand similar to
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trends observed in European and North Americaax{tCervero, 2002; Noland and Lem, 2002),
which will impact transport-related emissions. Bhiour estimates exclude Scope 3 or upstream
emissions from infrastructure supply chains, whiohld also contribute substantially to
projected GHG emissions. For example, researchumbed in Delhi, India estimated that up to
32% of the city’s emissions was due to out-of-b@rgdScope 3) activities such as fuel
processing, air travel, cement use, and food ptamlu¢Chavezt al, 2012). Fourth, biogenic
emissions from charcoal use are considered asmrcadgral, consistent with IPCC guidelines.
However, biogenic emissions would nearly doublsasng HH size reduces to two persons
per household by 2050) under SSP3 (SM.7), influentand degradation and public health
outcomes (due to indoor air pollution). Finally,reged in our introduction and methods, future
work could also incorporate emissions from othetas, especially industry, which are

expected to contribute substantially to future gpefemand in the SSA region (IEA, 2019).
7. Conclusions and implications for energy policy

In this paper, we:

» Provide the first projection of residential enetpe and GHG emissions in Dar es

Salaam and demonstrate the use of the SSPs atytiseale.

» Analyze the key drivers of residential energy usgé @HG emissions in a large SSA city,

Dar es Salaam, offering new insights for the region
» Demonstrate a method for projecting emissionsdata-poor environment.

= Show the wide uncertainty in these future projewjavhile also demonstrating the order

of magnitude jump in emissions that can be expdaot@&ar es Salaam to 2050.

Key results are summarized as follows:
» Dar es Salaam is projected to experience a 4- to-B4ld increase in residential GHG
emissions by 2050Though Dar es Salaam’s current (2015) emissidbasA00 ktCQe

(~ 0.2 tCQelcapita) are low compared to the emissions ofrglubal cities (see SM.5),
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emissions are expected to increase to between &@@Me (~ 0.5 tCQe/capita) and
33,000 ktCQe (~ 2 tCQe/capita by 2050. The upper estimate is as highearecorded
emissions of Global North cities such as New Y&#n Francisco and London, among
others.

Electricity access is the largest driver of residdral emissions to 2050Assuming that
total household energy use remains constant to, 2080the relative shares of fuel use
changing for each SSP narrative (Table 3), we eséithat GHG emissions from
electricity production (due to improved electrificen and access to services) will be a
major driver of future residential emissions in [@arSalaam, i.e., accounting for between
80% and 90% of total residential emissions. Thiarigely due to continued reliance on
fossil fuels for electricity generation. Even un&S3P1 (the sustainability scenario), we
project that fossil fuels will account for a dommgaortion of Tanzania’s electricity mix,
i.e., 40% and 30% from natural gas and coal, res@dy, compared to 20% and 10%
from hydro and other renewables (i.e., wind and3¢5M.3).

Across all scenarios, Dar es Salaam’s residentiaingssions increase super-linearly
with population size, mainly due to household eledtity use. The high GHG intensity
of electricity — which remains at 405 gg&kWh for SSP1 and SSP2 — results in a 6- to
35-fold increase in household emissions relativeOwb.

The sustainability scenario (SSP1) has the highessidential emissions due to
increased household and transportation energy serms This suggests a particularly
acute need to promote low-GHG development in D&8ataam to reduce any tension
between social and environmental goals.

Dar es Salaam’s current low emissions provides arpportunity to design a low-

GHG future. This will hinge on the implementation d low-GHG investments
(namely, the decarbonization of electricity produdbn) during these next stages of
urban growth. As shown in our aggressive GHG mitigation scengBrction 4.4),
decarbonizing Tanzania’s electricity grid throupk tise of renewable energy sources
such as solar, wind and geothermal could reduceityis total residential emissions by

up to 66% by 2050 (SSP1). However, realizing tlaithway will hinge on the
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676 development of urban policies and financing forraggive GHG mitigation during these

677 next stages of urban growth.

678 Lastly, though not explicitly explored in this papeealizing a low-GHG transition in Dar es

679 Salaam requires the consideration of the city’saes socio-economic development goals.

680 Policies need to leverage synergies between esexdyr investments, i.e., financing to

681 decarbonize electricity with renewable technologiescale-up public transport with the BRT
682 network, and socio-economic development objectateéle city and national level. For example,
683 given that Dar es Salaam is growing amidst otheloseconomic challenges, including urban
684 inequality, poverty and climate change, policy @ts$i would require cross-sectoral collaboration
685 between key stakeholders, government agencieastnficture service providers and the private
686 sector to identify co-benefits between low-GHG stveents and priorities in key sectors. This
687  will be critical for ensuring that low-GHG investnte improve the living standards of

688 marginalized groups and that they benefit fromtthaasition.
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HIGHLIGHTS

This paper:

» Providesthefirst projection of residentia energy use and GHG emissionsin Dar es
Salaam and demonstrate the use of the SSPs at the city scale.

» Analyzesthe key drivers of residential energy use and GHG emissionsin alarge SSA

city, Dar es Salaam, offering new insights for the region.
= Demonstrates a method for projecting emissions in a data-poor environment.

= Shows the wide uncertainty in these future projections, while also demonstrating the

order of magnitude jJump in emissions that can be expected in Dar es Salaam to 2050.
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