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This technical note outlines the methodology used to estimate the direct costs and benefits of the levels of urban action proposed by Erickson and Tempest (2014). This urban action scenario involves an ambitious implementation programme for 11 mitigation measures in the building, transport and waste sectors, deployed throughout 99% of the world’s urban areas, considering an urban population of 3.9 billion in 2015, rising to 6.3 billion in 2050.
The baseline developed by Erickson and Tempest (2014) draws heavily from the Energy Technology Perspectives of the International Energy Agency (IEA, 2014a) and specifically the 4DS scenario, which in turn follows the New Policies Scenario of the World Energy Outlook (IEA 2013). This scenario includes changes in energy use and emissions that may be expected to occur due to market forces and policies that are currently proposed but await formal implementation, and incorporates IEA forecasts for GDP and population growth[footnoteRef:1].  [1:  In the IEA (2013), world GDP growth averages 3.4% per year over 2012-2040, while the population expands from 7.0 billion in 2012 to 9.0 billion in 2040, averaging 0.9% per year during the projection period.] 

In comparison, the urban action scenario assumes a programme of far more ambitious mitigation. Deployment of measures is based upon a variety of sources, most prominently the IEA’s 2DS scenario (IEA, 2014a) in which emissions are reduced to levels consistent with the international goal to limit long-term temperature rise to 2°C by stabilising atmospheric CO2 concentrations to 450ppm by 2100. Accordingly, measures in the three sectors – buildings, transport, and waste – reduce GHG emissions substantially due to dramatic increases in energy efficiency, deployment of renewable energy, more compact and connected urban development, and better management of waste. These emissions reductions are achieved in the action scenario despite forecasted growth rates in GDP and population remaining equal to those in the baseline scenario.
Erickson and Tempest (2014) note that these city-scale measures have largely been absent from previous assessments of mitigation potential and hence represent an opportunity for the deepening of governments’ mitigation efforts and commitments. Further, these actions are generally within the scope of local government, and therein highlight the potential for action in urban areas.
Here we expand upon the work of Erickson and Tempest (2014) by estimating the additional costs and benefits associated with such a programme of mitigation. In the following sections we describe, (i) our methodology, data sources, and the limitations that arise from our approach, (ii) the main results and a comparison of these with other studies and (iii) our conclusions and recommendations. 
It is important to emphasise that such projections of investments needs and cost-savings, especially over long time periods, carry a high level of uncertainty and comparisons with alternative estimates are challenged by differences in methodology and assumptions. These estimates should therefore be seen as high level estimates of the investment needs and economic potential of an ambitious set of urban climate mitigation actions, but not as a business case or macroeconomic analysis of the impact of these scenarios.
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Estimating the economic case for the urban action scenario in Erickson and Tempest (2014) requires a large number of data sources and sector specific assumptions. However, the general cost-benefit procedure implemented is consistent across measures. First, the additional investment costs of the action scenario are calculated by drawing on data describing the cost of advanced (more efficient) technologies relative to conventional technologies along with levels of implementation of the former. Second, energy cost-savings are calculated by combining forecasts of future energy prices with the energy savings of the action scenario relative to the baseline. The additional investment costs and the cost-savings can then be compared to assess the overall economic case for each measure, each sector, and for the full implementation of the urban action scenario. All analysis described above is undertaken over a 2015-2050 time horizon.
Three assumptions, which apply to all of the measures considered, have a particularly significant impact on the results: The discount rate, projections of future energy prices, and estimates of technological learning (which dictate how fast the costs of efficient technologies as expected to fall as production increases). We therefore test the sensitivity of our results to these assumptions by considering a range of values:
· We model the value of the energy savings using real (i.e. after inflation) annual price increases of 1%, 2.5% and 4%[footnoteRef:2].  [2:  Rates of energy price increases are highly uncertain, but the range we apply (1%, 2.5% and 4%) is guided by the range of projections in the World Energy Outlook (IEA, 2014b).] 

· We apply three different real discount rates to future energy savings: 1.4%, 3%, and 5%.[footnoteRef:3] [3:  1.4%, is consistent with the Stern Review (2006), 3%, is a standard public discount rate in the developed world, and 5%, would be a reasonable private discount rate.] 

· We compare the impacts of standard and high technological learning rates, using rates specific to each measure, as in the data sources table.
Additional costs and energy savings are estimated at a regional level (where data allows) using the regions considered by Erickson and Tempest (2014)[footnoteRef:4], before they are aggregated in global estimates for each measure. Where available, current energy prices are obtained for each of these regions from the IEA’s Energy prices and taxes database (2014)[footnoteRef:5]. Where regional energy price data is not available we assume that data for countries nested within these regions is representative of the wider region. Throughout the analysis real 2015 US dollars are used. [4:  United States, Other OECD Americas, OECD Europe, Japan, Other OECD Asia Oceania, Russia, Eastern Europe and Eurasia, Developing Asia, China, India, Middle East, Africa, Other Latin America, Brazil and Other.]  [5:  Costs of various types of energy are required for the cost-savings calculations, including electricity, natural gas, coal, fuel oil, diesel and gasoline.] 
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New buildings and Retrofits
Estimating the economic case for new buildings and retrofits, in both the residential and commercial sectors, follows a consistent methodology. Our calculation process relies upon four core sets of data, derived for both the residential and commercial sectors:
1) The additional installation costs per unit floor ($/m2) area for new buildings and retrofits in the urban action scenario relative to the baseline
2) Floor area installation rates (m2/yr)  for new buildings and retrofits 
3) Annual energy savings (kWh/yr) of the urban action scenario relative to the baseline, due to the advanced buildings
4) The specific composition of fuels (%) that these energy savings consist of
Once these datasets are derived, total additional costs are obtained by combining the installation costs with the installation rates, and energy cost-savings are obtained by combining total annual energy savings with the energy price forecasts, taking into account the specific fuel composition.
To calculate the first of these datasets, we use the current costs per unit floor area ($/m2) for conventional and advanced new builds (and retrofits), for the baseline and action scenarios, respectively, from the analysis of the Global Building Performance Network (GBPN; Ürge-Vorsatz et al., 2015). Costs supplied by GBPN correspond to the regions we analyse and are disaggregated into 17 climate zones within each of these regions. Therefore, using the share of buildings in each climate zone in each region, we aggregate these costs into regional costs per unit floor area for both commercial and residential sectors, and in each case for both new builds and retrofits. Further details – including assumed technological learning rates – are included in the data sources table below.
Both the second and third of these datasets – floor area installation rates (m2/yr) and annual electricity and fuel savings (kWh/yr) due to the advanced buildings of the action scenario – are obtained directly from Erickson and Tempest (2014). As the floor installation rates are identical in the baseline and action scenarios, additional costs of the action scenario can be attributed fully to the higher costs of efficient buildings (rather than lower construction rates). For the fourth dataset, specific compositions of fuel savings are assumed to be the same as total compositions of fuels used within each region and sector[footnoteRef:6].  [6:  We obtain data on compositions of fuel use in both the residential and commercial sectors – coal, oil products, natural gas, biomass, etc. – from IEA’s online statistics, for each region analysed.] 

Appliances and lighting
Estimating costs of appliances and lighting involves a number of different assumptions. Our calculation process relies upon three core sets of data[footnoteRef:7]: [7:  Note that our economic analysis only considers the electricity-based appliances and lighting within the urban action scenario, due to a lack of data describing investment costs of fuel-based technologies. Fuel-based technologies are significant but not dominant within this measure, accounting for ≈ 1/3rd of energy savings.] 

1) Cost to save a unit of electricity ($/kWh) via the installation of high efficiency lighting or appliances
2) Annual electricity savings (kWh/yr) in the urban action scenario due to both lighting and appliances
3) The split of these electricity savings between appliances and lighting (%)
By splitting annual electricity savings into savings from lighting, and savings from appliances[footnoteRef:8], calculating the costs required to generate these savings using the costs per unit energy saved, and summing these results, the additional costs are obtained. Energy cost-savings are obtained by combining total annual electricity savings with the electricity price forecasts. [8:  Note that Erickson and Tempest (2014) include cooling technologies within the lighting and appliances measure, while the new build and retrofit costs we use here from GBPN include costs of efficient cooling technologies. There is therefore a slight misalignment of their measures and our costs. However, cooling represents a relatively small proportion of building energy use, and, furthermore, this misalignment cancels out when considering the aggregate costs of the building sector.] 

To derive the first of these datasets, average costs of appliances and lighting of various levels of efficiency (USD/toe energy consumption) are sourced from the IEA (IEA 2014c). We assume that the energy savings of the urban action scenario are met via the installation of LED lighting and BAT (best available technology) appliances, and that technologies implemented in the baseline[footnoteRef:9] would be incandescent lighting in the residential sector, linear florescent lighting in the commercial sector, and low efficiency appliances across both sectors. The costs and efficiencies of the technologies deployed in the action scenario relative to those in the baseline scenario allow the cost per kWh of energy saved to be calculated for both appliances and lighting[footnoteRef:10]. Further details – including assumed technological learning rates – are included in the data sources table below.  [9:  These baseline lighting technologies are based upon WEO surveys that estimate the most common lighting technologies current used in each sector, globally (IEA, 2014b).]  [10:  Lighting costs per kWh of electricity saved differ between the commercial and residential sectors, due to the higher efficiency technologies currently deployed in the former sector.] 

The second dataset, describing the kWh electricity savings per year achieved due to appliances and lighting in each region, is obtained directly from Erickson and Tempest (2014). The third, describing splits of electricity use between lighting and appliances for the residential and commercial sectors, is obtained from the 2DS scenario of the IEA (IEA, 2014a), which forecasts these splits out to 2050, at the OECD and non-OECD level.
Solar PV[footnoteRef:11] [11:  Note that Erickson and Tempest (2014) bundle fuel switching and solar PV into a single measure, while we only estimate the costs for solar PV, due to a lack of availability of robust cost-data for fuel switching.] 

Estimates of the costs of additional solar capacity installed in the urban action scenario involve few assumptions relative to other measures within the building sector. Three core sets of data underlie the calculation process, each disaggregated by region:
1) Installation costs ($/kWh installed capacity) and annual running costs ($/yr.kWh installed capacity)
2) Capacity factors (%)
3) Annual electricity savings (kWh/yr) due to additional PV installations in the urban action scenario relative to the baseline
Using these data, additional investment costs can be estimated by matching the installed capacity to the annual electricity savings – taking into account capacity factors and average panel lifetimes – and running costs of this installed capacity are then added to these investment costs. Again, energy cost-savings are obtained immediately by combining total annual electricity savings with the energy price forecasts.
The first and second of these datasets are sourced from the 450 Scenario of the World Energy Outlook (IEA 2014b), and these are disaggregated by region and include price forecasts to 2030. The third dataset is obtained directly from Erickson and Tempest (2014). Further details are included in the data sources table below.
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Urban planning and reduced travel demand
No costs are estimated for this measure, however, previously work for the NCE suggests that urban planning for compact and connected cities could reduce investment costs by $3 trillion between 2015 and 2030 (Floater et al 2014). This is further supported by work from the World Bank who find that China could save up to US$1.4 trillion in infrastructure spending to 2030 if more compact urban forms were pursued (Zhang et al 2013).
Total energy savings are calculated using modal share data from Erickson and Tempest (2014) and regional energy intensity of transport data from the IEA 2DS and 4DS scenarios (IEA, 2012). These data are converted to fuel types using the regional specific data on energy use by fuel type from the IEA (2015) on the assumption that fuel use by energy type is not effected by our scenario. Cost savings are then estimated using regional fuel price forecasts (as specified above). 
Mode shift and transit efficiency (passenger transport)
The calculation of investment requirements for this measure is comprised of three elements: The cost of the mode shift, the cost of energy efficiency improvements for public transport vehicles, and the cost of electrification of the public transport fleet. 
To calculate the investment requirements for the mode shift element the following data sets are drawn upon:
1) The urban population by region
2) Annual regional per capita travel distance (km)
3) Regional travel mode share (%)
4) Vehicle occupancy figures
5) Vehicle-km per km infrastructure 
6) Cost per km of infrastructure (millions 2015 USD)
To calculate the investment requirements for the mode shift element, the change in person-km by transport mode and region (under the baseline and action scenarios) are calculated using data on the urban population by region, per capita annual transport demand, and regional travel mode share estimates outlined in Erickson and Tempest (2014). Total passenger-km for each transport mode are converted to vehicle-km using regional estimates of average vehicle occupancy. Vehicle-km by transport mode are converted to km of infrastructure using regional estimates of annual vehicle-km per km of infrastructure and estimates of the cost per km of infrastructure are used to calculate investment costs. As listed below, these data are collected from Dulac (2014), Replogle and Fulton, (2014) and from consultation with experts. In most cases these data are only available at the OECD/non-OECD level.
To calculate the cost of energy efficiency improvements three additional data sources are used:
1) Annual average travel distance by vehicle type (km)
2) Energy expenditure per km by transport mode under the baseline and action scenarios
3) The cost per vehicle of energy efficiency improvements ($/% improvement in efficiency)
Using the previously calculated total passenger-km by transport mode, the size of the transport fleet is estimated is calculated using regional estimates of annual average travel distance by vehicle type and vehicle occupancy estimates. The change in the efficiency of the fleet is then calculated by comparing the energy expenditure per km under the baseline and energy efficiency improvement scenarios from Erickson and Tempest (2014). These data are available by region and transport mode. It is assumed that the increase in efficiency of the fleet (over and above the baseline increase in efficiency), is the same as the increase in efficiency for each vehicle in the fleet. The cost of transit efficiency improvements is then drawn from the World Energy Investment Outlook (IEA, 2014c) heavy-duty vehicle efficiency cost database and applied on a per vehicle basis. Only that portion of the fleet which is not part of the electrification scenario (below) is considered.
To calculate the cost of electrification, the size of the electrified fleet by region and transit mode type is calculated using the total size of the fleet (see above) and the IEA electrification scenario (IEA, 2015). The additional cost of these electrified vehicles is then applied to obtain total investment costs. 
Total energy savings are calculated using modal share data from Erickson and Tempest (2014) and regional energy intensity of transport data from the IEA 2DS and 4DS scenarios (IEA, 2012). These data are converted to fuel types using the regional specific data on energy use by fuel type from the IEA (2015) on the assumption that fuel use by energy type is not affected by our scenario. Cost savings are then estimated using regional fuel price forecasts (as specified above). 
Car efficiency and electrification
The calculation of investment requirements for this measure is comprised of two elements: The cost of vehicle efficiency improvements, and the cost of electrification of the transport fleet.
To calculate the cost of vehicle efficiency improvements the following data are drawn upon:
1) The urban population by region
2) Annual regional per capita travel distance (km)
3) Regional travel mode share (%)
4) Vehicle occupancy figures
5) Average vehicle travel distance
6) Energy expenditure per km under the baseline and action scenarios
7) The cost per vehicle of energy efficiency improvements ($/% improvement in efficiency)
In order to calculate the size of the private vehicle fleet in each region, the change in person-km by region (between the baseline and mitigation scenarios) is calculated using data on the urban population by region, per capita annual transport demand, and regional travel mode share estimates outlined in Erickson and Tempest (2014). Using vehicle occupancy figures and average annual travel distance figures produce an estimates of the vehicle fleet under the mitigation scenario. The increase in the efficiency of the fleet is then calculated by comparing the energy use per km, by region, with and without energy efficiency improvements from Erickson and Tempest (2014). In line with the transit scenario it is assumed the increase in fleet efficiency is the same as the per vehicle improvement in efficiency. The annual year-on-year improvement in efficiency (over-and-above the baseline increase) is then used to calculate investment costs using IEA (2014c) World Energy Investment Outlook light duty vehicle efficiency cost database. Only that portion of the fleet which is not part of the electrification scenario (below) is considered.
To calculate the cost of electrification one additional data set is required:
1) The additional cost of electric vehicles
The size of the electrified fleet by is calculated using the total size of the fleet (see above) and the IEA electrification scenario (IEA, 2014a). The total cost is then calculated using data on the additional cost of electric vehicles compared with conventional light-duty vehicles.
Total energy savings are calculated using modal share data from Erickson and Tempest (2014) and regional energy intensity of transport data from the IEA 2DS and 4DS scenarios (IEA, 2012). These data are then converted to fuel types using the regional specific data on energy use by fuel type from the IEA (2015) on the assumption that fuel use by energy type is not affected by our scenario. Cost savings are then estimated using regional fuel price forecasts (as specified above). 
Logistics improvements
No costs are estimated for this measure. However, the conclusions of previous work that was described above (see sub-section on urban planning and reduced travel demand measures) are also relevant here.  
Total energy savings are calculated using modal share data from Erickson and Tempest (2014) and regional energy intensity of transport data from the IEA 2DS and 4DS scenarios (IEA, 2012). These data are then converted to fuel types using the regional specific data on energy use by fuel type from the IEA (2015) on the assumption that fuel use by energy type is not affected by our scenario. Cost savings are then estimated using regional fuel price forecasts (as specified above). 
Vehicle efficiency and electrification (transport freight)
The calculation of investment requirements for this measure is comprised of two elements: The cost of vehicle efficiency improvements, and the cost of electrification of the transport fleet.
To calculate the cost of vehicle efficiency improvements the following data sets are required:
1) The regional urban population
2) Tonne-km per capita by region
3) Tonne per vehicle estimates
4) Average annual freight travel distance by region
5) Energy use per tonne-km under the baseline and mitigation scenarios
6) The cost per vehicle of energy efficiency improvements ($/% improvement in efficiency)
To calculate the size of the freight fleet in each region, the change in tonne-km by region (between the baseline and mitigation scenarios) is calculated using data on the urban population by region and per capita tonne-km by region, outlined in Erickson and Tempest (2014). Vehicle tonnage estimates and average annual travel distance figures are then applied to produce an estimate of the freight fleet under the mitigation scenario. The increase in the efficiency of the fleet is then calculated by comparing the energy use per km by region, under the baseline and mitigation scenarios for energy efficiency improvements in freight from Erickson and Tempest (2014). In line with the transit scenario it is assumed the increase in fleet efficiency is the same as the per vehicle improvement in efficiency. The annual year-on-year improvement in efficiency (over-and-above the baseline increase) is then used to calculate investment costs using IEA (2014c) World Energy Investment Outlook heavy-duty vehicle efficiency cost database. Only that portion of the fleet which is not part of the electrification scenario (below) is considered.
To calculate the cost of electrification, the size of the electrified fleet by is calculated using the total size of the fleet (see above) and the IEA electrification scenario (IEA, 2014a).  The incremental cost of electrified freight is the applied to these figures to provide an estimate of investment costs.
Total energy savings are calculated using modal share data from Erickson and Tempest (2014) and regional energy intensity of transport data from the IEA 2DS and 4DS scenarios (IEA, 2012). These data are then converted to fuel types using the regional specific data on energy use by fuel type from the IEA (2015) on the assumption that fuel use by energy type is not affected by our scenario. Cost savings are then estimated using regional fuel price forecasts (as specified above). 
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Recycling
No investment costs or energy savings were developed for this measure. However, research suggests that recycling in certain circumstances can generate net economic returns (Graedel 2011; Goe, and Gabrielle 2014; Colenbrander et al., 2015).
Landfill gas 
To calculate investment requirement in the waste sector the following data sets are drawn upon: 
1) Energy generation from landfill gas by region under the mitigation scenario
2) Regional landfill gas capacity factors
3) Capital costs per MW of capacity and operating and maintenance costs per MW of capacity
Energy generation from landfill gas data is provided by Erickson and Tempest (2014). To convert this into facilities, electricity output is converted to generating capacity using regional data on capacity factors from WEC/BNEF (2013). Regional operating costs and capital costs from WEC/BNEF (2013) are then used to calculate total investment costs. 
Energy savings, due to electricity produced, are provided by Erickson and Tempest (2014). These figures are converted into economic savings using regional electricity price forecasts.
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	Activity Levels[footnoteRef:12] [12:  Assumptions relating to activity levels, energy intensities and GHG intensities of energy are based upon Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
] 

	Residential urban floor space (m2) per capita is assumed to be the same as national averages. This grows slowly (<0.5% per year) in OECD countries and faster (>1% per year) in developing countries

Commercial floor space is assumed to be predominantly (>90%) in urban areas (Ürge-Vorsatz et al. 2012). Floor space (m2) per capita grows more quickly in developing countries, as for the residential sector.

Total floor space per capita and the associated growth rates are identical in both baseline and action scenarios.


	Energy Intensities
	Both residential and commercial urban energy intensities (GJ or kWh per m2 of floor space) assumed to follow national averages within OECD and in some developing countries, while in the majority of developing countries they are adjusted by considering rural/urban splits of electricity access and traditional biomass use (data from IEA 2010).

Globally, urban energy intensity assumed to decline slowly for residential buildings (< 1% per yr), while it remains nearly constant in commercial buildings as efficiency gains here are offset by increasing demand.


	Fuel types and GHG intensity of Energy
	GHG-intensities for urban heating fuels and electricity 
(kg CO2e per GJ or MWh) follow national averages within OECD and some developing countries, while in the majority of developing countries they are adjusted by considering rural/urban splits of electricity access and traditional biomass use (data from IEA 2010).

GHG intensities of urban fuel use declines gradually due to shifts away from coal and oil, while electricity intensities are assumed to decline more rapidly due to recent national policies (i.e. New Policy Scenario projections up to 2035 from IEA 2013; later projections to 2050 from IEA 2012).

Composition of energy types (electricity, coal, natural gas, etc.) that are used in commercial and residential sectors are obtained from IEA energy balance statistics for each region (www.iea.org/statistics).
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	Activity Levels[footnoteRef:13] [13:  Activity level, energy intensity and fuel type, GHG intensity assumptions adapted from, Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
] 

	Urban travel intensity (pkm per person) declines in cities in OECD countries, but grows by 1.5% or more per year until 2030 in developing countries. Mode share holds near constant in OECD countries but shifts to private vehicles in developing countries. Urban freight intensity (tkm per person) grows 1-2% per year in OECD countries and non-OECD countries 2-6% per year in non-OECD countries.


	Energy Intensities
	Urban passenger vehicle energy intensities (MJ/pkm) for private, bus, and train transport modes are assumed to be the same as national averages. Each decline 0.5- 1% annually through 2050 for all modes excluding private car energy intensity in developing Asia which increases 0.5-1.5% annually. Freight energy intensity (MJ/tkm) is assumed to be the same as national average road freight intensities. These decline 0.5-1% annually in OECD countries and many developing countries, but not in Russia, China or India.


	Fuel types and GHG intensity of travel
	Higher private electric vehicle ownership leads to small changes in GHG-intensity by 2050 of passenger transport (a 3-4% decline depending on the grid). Urban fuels are assumed to be predominantly gasoline, diesel or GHG-equivalent biofuels for the duration of the period analysed. 
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	Activity Levels[footnoteRef:14] [14:  Activity level, energy intensity and fuel type, GHG intensity assumptions adapted from, Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
 
] 

	Waste generation, in tonnes per capita is projected to hold constant in OECD countries through 2025, while growing by 1.5% per year in most developing countries. 2015 values for waste generation are drawn from Hoornweg and Bhada-Tata (2012). After 2025, waste generation in each region converges to a fixed global relationship with GDP in 2050 and waste collection converges to 2010 best-practice (90%; IPCC 2006). Waste composition is assume to remain constant (IPCC 2006).


	Energy Intensities
	Energy and GHG emissions as a function of waste produced are assumed constant as a consequence of the assumption composition remains constant (IPCC 2006). Recycling and composting rates are assumed to converge in all regions to current best practice (Hoornweg and BhadaTata 2012) by 2050.


	GHG intensity
	The share of methane captured from landfills grows 3.1% per year in non-OECD countries and 1.0% per year in OECD countries. One-quarter of these facilities are assumed to produce energy for the grid in all cases and all years. Carbon stored in landfills increases with rising waste generation and decreases with increased food composing. Avoided emissions exceed decreased sequestration. Collection rates, degradable organic content (DOC) and fraction of DOC that decomposes are all assumed constant (IPCC 2006).

Emissions avoided through recycling are modelled to represent a share of the emissions intensities of production for paper, steel, aluminium, and plastics (tCO2e/t product; IEA 2014). The percentage reduction in production emissions varies by product with a range from 50% (paper products) to 80% (steel and aluminium). As new product efficiencies improve over time, avoided emissions from new production decrease based on IEA (2014).
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	Mitigation - assumptions and data[footnoteRef:15] [15:  Mitigation assumptions adapted from, Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
 
] 

	Costs - assumptions and data

	New building heating efficiency
	New buildings are constructed at passive levels, with heating requirements no less than 30 kWh/m2 from 2020 to 2030 and 15 kWh/m2 through to 2050 (Ürge-Vorsatz et al. 2012).


	Additional construction costs per m2 floor space—above those of the standard new buildings assumed in the baseline scenario—are obtained from Ürge-Vorsatz et al. (2015). These are disaggregated regionally and by building type (single- and multi-family and commercial). 

Technological learning is assumed to reduce real costs of passive, high efficiency builds by 50% by 2050 (Ürge-Vorsatz et al. 2015) and this is modelled by implementing a constant decrease in prices of 1.71% per year. For the case of higher learning we increase this rate such that the costs decrease by 60% by 2050, in line with the upper limit used by GBPN.


	Heating retrofits
	An aggressive building retrofit program begins in 2015, which upgrades 1.4% to 3% of building stock per year such that all existing buildings are upgraded by 2040. This reduces their energy intensity by 30–40% compared with the baseline scenario and includes heat pumps in mid-latitude countries. This action scenario is guided by GBPN’s analysis (Ürge-Vorsatz et al. 2012).


	Costs are obtained from Ürge-Vorsatz et al. (2015) and are assumed to be the additional costs per m2 floor space of deep retrofits as compared to shallow, minimal retrofits. Again, these costs are dis-aggregated regionally and by building type (single- and multi-family and commercial).

Technological learning for retrofits—and the consequent rate of price decreases—is assumed to occur at the same rate as for new builds.

While this scenario is realistic and based upon thorough and extensive studies by GPBN, the focus on deep retrofits implies that it is relatively ambitious. It would thus likely require significant policy action to avoid only shallow retrofit work being undertaken, which can make such deeper retrofits more difficult in the longer-term.

	Appliances and lighting
	Aggressive deployment of efficient lighting and appliances is assumed, based on the IEA’s 2DS scenario (IEA 2014a).


	Additional costs of high efficiency appliances and lighting per unit of useful energy output ($/toe)—relative to standard technologies—are obtained from the World Energy Investment Outlook (IEA 2014c). Regional variations in construction costs for efficient buildings from Ürge-Vorsatz et al. (2015) are taken as an index to estimate regional variations of costs for appliances and lighting. Splits of energy use between appliances and lighting—in commercial and residential sectors and at the OECD and non-OECD levels—are obtained from the IEA’s 2DS scenario (IEA 2014a). 

Technological learning is assumed to decrease real costs of high efficiency appliances at a rate of 2.5% each year, which lies within the range of values reported in the literature (Desroches et al. 2013). However, such learning rates are highly unpredictable and may also vary substantially between specific technologies. Our estimates may therefore be refined in future work, but are likely to always contain a significant degree of uncertainty.  To reflect these uncertainties, we increase this central learning rate of 2.5% by 40% to 3.5% in the high learning scenario. 


	Solar PV
	An increasing deployment of building-mounted solar PV is projected, by assuming that half of the solar PV in IEA’s 2DS scenario (IEA 2014a) is distributed PV, and that this distributed PV is deployed in urban areas in proportion to the share of urban population in each region.


	Investment costs and operation and maintenance costs per kW of installed capacity—and average capacity factors—are obtained from the 450 Scenario of the IEA’s World Energy Outlook (IEA 2014b), which closely follows their 2DS scenario. Costs and capacity factors are disaggregated regionally and projected from 2012 – 2035 based upon the IEA forecasts, which account for different rates of technological learning and economies of scale (although, the inherent uncertainties surrounding learning rates discussed above for lighting and appliances apply equally here). Beyond 2035 costs are assumed to continue to change (linearly) at the same rates. Panel lifetimes are assumed to be 20 years.
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	Mitigation - assumptions and data[footnoteRef:16] [16:  Mitigation assumptions adapted from, Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
 
] 

	Costs - assumptions and data

	Passenger transport:
 
Urban planning and reduced travel demand
	Land use planning for compact urban form reduces passenger travel activity (pkm per capita) up to 7% in OECD countries and 25% in developing countries. Reductions in road transport demand are based on the 2DS scenario in IEA (2014) and are allocated by population to urban areas. 


	No costs are assumed for this measure, however, previously work for the NCE suggests that urban planning for compact and connected cities could reduce investment costs by $3 trillion between 2015 and 2030 (Floater et al 2014). Assuming zero costs, rather than negative costs, therefore potentially understates the economic benefits of this measure.


	Passenger transport:


Mode shift and transit efficiency
	Expansion of public transport leads to 20% lower pkm mode share of LDVs and higher mode share for rail and bus transport. 

	Cost per km of infrastructure, operation and maintenance, occupancy estimates and annual vehicle travel distances, and annual vehicle travel distance per km of infrastructure were drawn from Dulac (2014), Replogle and Fulton (2014), Schlömer (2014) and from consultation with experts. Most data is available only at the OECD, non-OECD, level. The cost of transit efficiency improvements was drawn from the World Energy Investment Outlook, IEA (2014c) heavy-duty vehicle efficiency cost database. The cost of electrified buses and trains for urban transport is collected from expert consultation and interviews with electric transport firms.

Limited data on the cost of major infrastructure provision on a country basis is a significant limitation which prevents our analysis from being able to provide country or even region-wide estimates. However, data available at the OECD / non-OECD level is publically available and comes from highly credible sources (primarily The World Bank). 


	Passenger transport:

Car efficiency and electrification
	More-efficient passenger transport, including more widespread deployment of electric vehicles, result in greater than 45% improvement in private vehicle efficiency globally. The energy intensity impact of electrification is based on the 2DS scenario variant Electrifying Transport (IEA 2014) for cars (light road), buses (heavy road), and rail beyond the share of energy from grid electricity reported in Energy Technology Perspectives (IEA 2012)

	The cost of vehicle efficiency improvements was drawn from IEA (2014c) World Energy Investment Outlook light duty vehicle efficiency cost database. Annual vehicle travel distance is drawn from Schlömer et al (2014). The incremental cost of electric vehicles was drawn from a review of academic literature (Mock and Yang, 2014; IEA, 2014c) and expert consultation. 

Based on a survey of literature a learning factor of 5% was applied to the incremental cost (c.f Nemry et al 2009, NRC, 2013; Kalhammer et al 2007). This is increased by 40% to 7% in the high learning scenario. 

Values used here are highly conservative given the rapid advances in electric vehicle and battery technologies (eg. Davies 2016; Mundada et al 2016).

	Freight transport:

Logistics improvements
	Freight transport logistics improvements lead to a 5% reduction in tkm per capita by 2030 and 12% by 2035 (Façanha et al. 2012). 

	No costs are assumed for this measure, however, previously work for the NCE suggests that urban planning for compact and connected cities could reduce total public investment costs by $3 trillion between 2015 and 2030 (Floater et al 2014).

	Freight transport:

Vehicle efficiency and electrification
	Global freight energy efficiency improves 17% by 2030 and 26% by 2030. In addition, 27% of global freight is electrified by 2050, following the IEA’s Electrifying Transport variant (IEA, 2014).


	The cost of vehicle efficiency improvements and vehicle tonnage estimates were drawn from IEA (2014c) World Energy Investment Outlook medium freight cost database. Annual vehicle travel distance is drawn from EC (2015). The incremental cost of electrified freight is drawn from a survey of academic literature (IEA, 2009; NRC, 2010; Taefi, 2013; Davis, and Miguel, 2013; NRC, 2013; Taefi, 2014). 

A learning factor of 5% is applied to the incremental cost of electrified freight for the period to 2050 in line with the value for electric vehicles. This value is increased by 40% to 7% under the high learning scenario. Both vehicle costs and learning rates are likely highly conservative given recent advances in electric vehicle technology (eg. Davies 2016; Mundada et al 2016).
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	Mitigation – assumptions and data[footnoteRef:17] [17:  Mitigation assumptions adapted from, Erickson, Peter, and Kevin Tempest. "Advancing climate ambition: How city-scale actions can contribute to global climate goals." (2014).
 
] 

	Costs - assumptions and data

	Recycling
	Recycling rates rise 80% of recoverable materials by 2050 in all regions by 2050. 

	No costs were developed for this measure, however, research suggests that recycling in certain circumstances can generate net economic returns Graedel 2011; Goe, and Gabrielle 2014; Colenbrander 2015)


	Landfill gas capture
	The fraction of methane captured rises 5.5% annually in non-OECD countries and 2.5% in OECD. This is a result of increased number and efficiency of capture facilities. OECD countries increase the share of facilities capturing methane to 80% by 2050, from 30% in the reference scenario. In non-OECD countries the respective increase is 50% by 2050 from a reference case of 65%. The efficiency of capture increases 1.3% per year to 84% relative to a reference case of .3% growth in all countries. All regions experience 2% annual growth in methane capture capable facilities that also generate grid electricity. 
	The capital cost of capture facilities, operating costs and capacity factors were drawn from WEC/BNEF (2013). 

Based on the Energy Investment Outlook, IEA (2014c) assumptions a based learning factor of 5% is applied and a high learning factor of 7%  (i.e. a 40% increase consistent with the other measures).

Limited country-level data limits our analysis to a global level, however WEC/BNEF analysis suggests that the cost differential between nations is narrowing, suggesting estimates of 2015 costs and learning factors are likely conservative. 



[bookmark: _Toc292953282]Limitations
Long-term estimates of investment needs and economic costs carry a high level of uncertainty owing to the compounding effect of minor changes in assumptions, and uncertainty surrounding emerging technologies, energy prices and economic growth (to name only a few key factors). We therefore emphasise that this work should be seen as a high level estimate of the investment needs and economic potential of an ambitious set of urban climate mitigation actions, but not as a business-case or macroeconomic analysis of the impact of these scenarios.
Due to limitations in the availability of data, analysis in this paper frequently relies on data at the OECD / non-OECD level which is then applied to urban areas. Further, only average annual data is considered. As a result, findings are applicable at a macro-scale but not to individual regions, countries or urban areas. Caution should therefore be exercised applying the specific results of these results at less than a global scale. This issue is particularly significant in South-East Asia and Sub-Saharan Africa, where non-OECD data is a poor substitute for city-level data and where some of the fastest urbanisation is taking place.
[bookmark: _GoBack]It is also important to note that a number of important factors were not considered in this analysis.  Energy savings post-2050 are not included due to uncertainty surrounding energy prices this far into the future. In addition, avoided costs, particularly in the transport sector (i.e. cars not purchased,) are not included. Further, additional co-benefits and cost savings are not included. For example the health savings from improved urban mobility and reduced vehicle travel, or increased productivity in green buildings. These factors are explored in the cities chapter of Calderon and Stern (2015). Feedback effects and rebound effects – changes in the consumption of energy and travel due to changes in prices – have also not been specifically accounted for in these models although they may have significant effects on energy use and emissions over the period 2015 – 2050. In addition, forecast but unrealised technological breakthroughs, including autonomous vehicles, low carbon energy sources, carbon capture and storage, fusion, and high efficiency buildings materials, not to mention technological developments beyond the horizon, have not been included in this analysis but have the potential to dramatically alter results.
The importance of a number of key sensitivities – including energy prices, learning rates and discount rates – is illustrated in Figure 1. While these are by no means the only important variables they illustrate the key point – relatively small changes in underlying assumptions generate significant changes in overall results over the time period to 2050. 

[bookmark: _Toc292953283]Results
[bookmark: _Toc292953284]Central Projections
Results demonstrate that a compelling economic case exists for urban climate action across cities of more than 300,000 inhabitants. Using a discount rate of 3% and annual energy price increase of 2.5% the total global cost of these investments would be $976.7 billion per year between 2015 and 2050 (equivalent to 1.3% of global GDP in 2014). While this is a substantial expenditure these investments would lead to savings in energy expenditure of $1.6 trillion in 2030 and $5.9 trillion in 2050 (see Table 1). Across all investments, the average payback period weighted by investment value is 16[footnoteRef:18] years and the net present value of these investments is $16.6 trillion between 2015 and 2050. Notably, these urban actions continue to generate energy savings after 2050, suggesting that there is substantial additional value not included in these calculations[footnoteRef:19]. [18:  Measures where costs have not been estimated, ‘Urban planning – reduced travel demand’, ‘Logistics improvements’ and ‘Recycling’ are excluded from this calculation.]  [19:  Savings after 2050 are not included in this analysis due to the uncertainty around post 2050 energy prices.] 

Within sectors there is substantial variation in the economic case for low carbon investment. In the ‘Buildings – residential’ sector a strong economic case exists for ‘new building heating efficiency’ measures, but not for the retrofitting of existing buildings. The most cost-effective measure, however, is ‘appliances and lighting’ where the average payback period is less than one year. In the ‘Buildings – commercial’ sector ‘New building heating efficiency’ measures have a stronger economic case than ‘heating retrofits’, however both measures show a negative net present value under a discount rate of 3% and energy prices rises of 2.5% per year. Across both sectors, owing to the strong economic case for investments in ‘Appliances and lighting’, investment of USD $23.7 trillion would payback in 17 years, generate a net present value of USD $6.0 trillion by 2050 and continue to generate economic returns after 2050.
In the transport sector, investments in ‘Urban planning – reduced travel demand’ and ‘Logistics improvements’ are not estimated, however analysis from the New Climate Economy suggests that urban planning for compact and connected cities could reduce investment costs by $3 trillion between 2015 and 2030 (Floater et al 2014). This is further supported by work from the World Bank who find that China could save up to US$1.4 trillion in infrastructure spending to 2030 if more compact urban forms were pursued (Zhang et al 2013). These numbers suggest that these measures can not only save substantial expenditure on energy in cities – combined USD $116 billion in 2030 and USD $619 billion in 2050 – but free up capital for other priorities in cities. All measures in the transport sector show positive net present values. 
Table 2: Potential urban abatement and the associated economic case by sector in 2030. Analysis from the University of Leeds and Stockholm Environment Institute.
	Sector
	Measure
	Annual abatement 2050 (GtCO2-e)
	Share of total abatement (%)
	Energy savings
	Total Investment1 (2015-2050; USD tlns)
	Energy cost savings2 (2015; USD blns)
	NPV3 (USD tlns)
	Average Payback4 (years)

	
	
	
	
	TWh
	Gtoe
	
	
	
	

	
	
	
	
	2030
	2050
	2030
	2050
	
	2030
	2050
	
	

	Buildings - residential
	New building heating efficiency
	1.2
	15%
	1955
	4362
	168
	375
	5.3
	267
	957
	2.1
	8.4

	
	Heating retrofits
	0.5
	7%
	1655
	2033
	142
	175
	6.4
	209
	501
	-0.3
	20

	
	Appliances and lighting
	0.9
	11%
	1071
	2452
	92
	211
	0.1
	147
	529
	3.7
	0.2

	
	Fuel switching / solar PV
	0.2
	3%
	65
	269
	6
	23
	0.7
	15.6
	100
	0.2
	11

	Buildings - commercial
	New building heating efficiency
	0.5
	7%
	890
	2281
	77
	196
	6.6
	120
	479
	-2.1
	21

	
	Heating retrofits
	0.2
	3%
	764
	1013
	66
	87
	4.0
	103
	260
	-0.7
	23

	
	Appliances and lighting
	0.7
	8%
	776
	2047
	67
	176
	0.4
	96.2
	584
	3.0
	1.0

	
	Fuel switching / solar PV
	0.2
	3%
	19
	79
	2
	7
	0.2
	3.9
	24.9
	0.0
	13

	Sub-total buildings
	4.5
	57%
	7196
	14536
	619
	1250
	23.7
	961
	3435
	6.0
	17.4

	Transport - passenger
	Urban planning: reduced travel
	0.5
	6%
	654
	1424
	56
	122
	-
	101
	553
	2.9
	-

	
	Mode shift and transit efficiency
	1.0
	12%
	1373
	3054
	118
	263
	6.9
	210
	676
	1.4
	16

	
	Car efficiency and electrification
	0.9
	11%
	1067
	2406
	92
	207
	2.5
	198
	777
	3.8
	4.9

	Transport - freight
	Logistics improvements
	0.2
	2%
	177
	513
	15
	44
	-
	14.6
	66.0
	0.4
	-

	
	Vehicle efficiency and electrification
	0.3
	4%
	545
	1153
	47
	99
	1.0
	94.4
	348
	2.2
	4.5

	Sub-total transport
	2.8
	35%
	3815
	8549
	328
	735
	10.4
	618
	2420
	10.6
	11.9

	Waste
	Recycling
	0.3
	4%
	-
	-
	-
	-
	-
	-
	-
	-
	-

	
	Landfill gas
	0.3
	4%
	4
	11
	0
	1
	0.03
	0.7
	3
	0.0
	20

	Sub-total waste
	0.6
	8%
	4
	11
	0
	1
	0.0
	0.7
	2.6
	0.0
	20

	Total
	8.0
	100%
	11015
	23095
	947
	1986
	34.2
	1579
	5858
	16.6
	15.7


1Undiscounted with reference learning factors;  2Undiscounted, with energy prices increasing at 2.5% per year;  3With a 3% discount rate, energy prices increasing at 2.5% per year, and reference learning curves;  4With each measure's payback weighted by total investment
values over the period 2015 to 2050 at a discount rate of 3% and energy prices increase of 2.5%. The strongest economic case, however, exists for improving vehicle efficiencies and increasing the number of electric vehicles. In the ‘Transport – passenger’ sector this measure has an average payback of 4.9 years while in the ‘Transport – freight’ sector this measure has an average payback of 4.5 years.  
In the waste sector investment in the recycling sector is not estimated due to lack of data, although estimates suggest that investments can, under specific circumstances, generate net economic returns on investment (Graedel 2011; Goe, and Gabrielle 2014; Colenbrander at al., 2015). Investments in ‘landfill gas’ capture and utilisation show slightly negative economic returns over the period to 2050. 
Between sectors the economic case for investment is strongest in the transport sector where the average weighted payback of investments is 12 years at 2.5% annual price increases and a 3% discount rate. In the buildings sector paybacks average 17 years. These numbers suggest, broadly speaking, that mitigation actions in the transport sector may be more amenable to private investors while urban actions in the buildings sector may, in some cases, require more public investment. In both cases, however, it is important to note that the headline global figures hide significant regional variation and variation within specific actions contained in measures. For example, payback periods for high efficiency lighting are dramatically shorter than for high efficiency appliances.
If such a case for investment within these measures exists then a legitimate question is why sufficient action is not already underway. There are, in practice, various reasons for this, including a lack of awareness of environmental and economic benefits; split incentives between renters and occupants; and financial barriers relating to initial costs, perceived risks, discount-factor issues, and investors’ short-term financial criteria (Edenhofer et al., 2014). In particular, the importance of the choice of discount rate in analysing long-term investment programmes such as these – which span over three decades into the future – cannot be overstated. Our central value of 3% (real) is lower than typically used in the private sector, even accounting for the fact that this real value excludes inflation. Therefore, unless such investments remain economically beneficial under higher discount rates, the responsibility to act may fall upon the public sector. In this case, however, the case for investment is strengthened considerably by the numerous co-benefits of such measures as these are most likely accrued by the same public institution (NCE 2015). In contrast, narrow private cases for investment, which depend upon self-interested motivations, may consider such wider benefits as irrelevant to investment decision-making.

[bookmark: _Toc292953285]Sensitivity Analysis
To understand the sensitivities of these results we consider the economic case under a range of energy prices, interest rates and learning rates (Figure 1). Our analysis suggests that across the sectors and measures under consideration, all measures would generate positive net economic returns in the period to 2050 in a scenario with higher energy prices and more rapid technological learning rates. With these more favourable conditions, the current value of the stream of savings that the investments outlined above would generate in the period through to 2050 would be $21.9 trillion, even with a higher discount rate of 5%. In a less favourable scenario with lower energy prices and slower rates of technological learning, this bundle of measures would still have an NPV of $13.1 trillion with a discount interest rate of 1.4%.  

Figure 1. The net present value (NPV) of the urban mitigation scenario in the transport, buildings and waste sectors between 2015 and 2050. Under the ‘low’, ‘medium’ and ‘high’ scenarios, the real discount rates used are 1.4%, 3% and 5%, and the increases in real energy prices are 1%, 2.5% and 4%. Learning rates are sector- and technology- specific. These are conservative estimates that exclude significant economic savings from infrastructure not built and energy savings beyond 2050.

[bookmark: _Toc292953286]Comparisons with other assessments
These investment numbers provide more detail to the values provided in the first New Climate Report, where it was estimated that USD $93 trillion will need to be spent to achieve a low carbon transition by 2030. In NCE (2014) total additional investment costs of $4.1 trillion are estimated to be required between 2015 and 2030 ‒ an increase of less than 5% on baseline levels ‒ with USD $4.73, $3.46, and $0.61 trillion required in the buildings, transport, and industry sectors, respectively. Additionally, savings of USD $3 trillion are generated from more compact, connected urban development. These figures are based on a transition from the 6DS to 2DS scenario of the IEA's Energy Technology Perspectives. It should be noted that these estimates are intended to provide a broad indication of the approximate magnitude of investment. 
Investment numbers provided in this work are significantly larger, but well within the expected range of uncertainty. On an annual basis additional investment rises to USD $0.97 trillion overall – up from the USD $0.27 trillion estimated in the previous report, even though industry investment is not included in this analysis and a baseline of 4DS scenario, rather than the 6DS scenario, from the IEA's Energy Technology Perspectives (2012), is used. Within sectors, incremental annual investment rises from USD $0.32 trillion to USD $0.68 trillion in the buildings sector and from USD $0.23 trillion to $0.30 trillion in the transport sector. Investments in the waste sector are not included in the original NCE analysis and are relatively small in this analysis. 
These differences reflect a more conservative approach to the total investment requirements employed to provide a clear link between investments in low carbon measures and savings in energy. For example, in the transport sector, investment saved from vehicles not purchased was included in the first NCE analysis but not in this this analysis, and costs for the 'urban planning' measure were not estimated in contrast to a net investment savings of USD $3 trillion in the first analysis. In the buildings sector, investments in heating retrofits were included even though this measure is relatively costly and generates relatively small carbon savings.
Similar results are found on a sector basis. Our estimate of the additional costs of low carbon options in the transport sector is broadly similar to estimates that have been developed by other institutions (see Dulac 2012; IEA 2012; IEA 2014; Replogle and Fulton 2014). IEA (2014) estimates that the 2DS pathway will cost 2 trillion USD per year from 2011-2050, or an additional cost of 0.5 trillion USD per year relative to the 6DS scenario (IEA 2014a). These estimates include production costs for light- and heavy-duty vehicles, bus and rail networks, aircraft, and ships. Our estimate, which follows the IEA 2DS scenario but does not include aircraft or ships, applies only to cities, and looks at the cost of a shift from the 4DS, rather than 6DS scenario, requires an average of 0.3 trillion USD in investment. Notably, in both cases the values of avoided investments are not included in the estimates. Estimates that do value these investments have found the net capital cost of transport mitigation scenarios to be negative. Dulac (2014), for example, finds that the 2012 IEA 2DS scenario, when avoided parking and road infrastructure investments are included, amounts to a savings of 20 trillion USD through to 2050. Similarly, Repogle and Fulton (2014), modelling a high-shift scenario for the transport sector, find that 110 trillion USD, or 22% of transport investment costs, could be saved between 2010 and 2050. Our estimates of the costs of transport mitigation at the city level are therefore somewhat higher as a result of conservative estimates around the cost of individual investments, and by way of not including avoided infrastructure investment savings.
In the buildings sector the IEA Energy Technology Perspectives estimates the total cost of the 2DS pathway to be USD $0.7 trillion per year and the incremental cost above the 6DS pathway to be USD $0.3 trillion per year. Our estimates find the incremental cost of the 2DS pathway, using the 4DS pathway as a baseline, to be USD $0.7 trillion per year. This value is significantly larger, especially considering our work focuses only on cities. In contrast, GBPN estimate the additional investment costs required to accelerate the deployment of best practice new builds and retrofits (i.e. technologies of a standard equalling those considered in the urban action scenario), relative to a baseline reflecting current policies, to be USD $1.25 trillion per year, at a global level. This result is not directly comparable to our estimates due to the exclusion of appliances, lighting, and solar PV and the inclusion of non-urban areas – which leads to their scenario considering a third more floor area than the urban action scenario by 2050. However, even taking into account these differences, the GBPN estimate is substantially (80%) larger than our estimate. We can conclude, therefore, that our estimates lie within the wide range of estimates offered by these similar assessments.

[bookmark: _Toc292953287]Conclusion
This economic analysis of the urban action mitigation scenario developed by Erickson and Tempest (2014) suggests there is a strong economic case for ambitious low carbon investment in cities. Although each of the measures we have considered in the buildings, transport, and waste sectors would require significant upfront investments, these investments would easily be repaid and the measures would continue to make significant cost-savings into the future. As emphasised in the introduction, these estimates should be considered as high-level estimates, due to the large uncertainties in the inputs and modelling assumptions. However, a sensitivity analysis – which involved varying discount rates, future energy prices, and the impacts of technological learning upon future investments costs – indicated that, under the vast majority of these economic conditions, it would remain cost-effective to deploy the full array of measures in the urban action scenario.
The analysis suggests that the most-cost effective investment opportunities lie within the transport sector, or involve the deployment of high efficiency appliances and lighting in buildings. However, the analysis only considered bundles of measures ‒ for example, deep building retrofits ‒ rather than specific technologies in specific contexts – such as basic insulation in dated housing stocks, or BRT schemes in cities suffering high levels of road congestion. Therefore, many opportunities for low carbon investments will exist that are even more favourable than the cases we present here.
Furthermore, our estimates make a conservative case for investment in urban climate mitigation for a number of reasons, for example: energy savings beyond 2050 have not been included and avoided costs ‒ particularly in the transport sector (i.e. private vehicles not purchased) ‒ have not been estimated. Moreover, there are numerous benefits of such a mitigation scenario that remain absent from our estimates. For example, co-benefits such as the health savings from reduced air pollution and increased mode share of cycling are omitted from the analysis, as are the social and economic benefits of reducing risk exposure to dangerous levels of climate change. 
By excluding these wider social, environmental and economic factors we seek to underscore the direct economic case for climate action in cities, and acknowledge the current political reality that the economic case for mitigation is the first, and most significant, barrier to action.  Therefore, in many respects we are substantially understating the case for low carbon investment, but at the same time we are overlooking a number of dangers. 
The past century has clearly shown that increasing the efficiency of our use of energy and resources does not lead inevitably to decreases in environmental impacts ‒ indeed, it may have precisely the opposite effect, particularly in cases where impacts manifest only at the global level, such as with carbon emissions. Thus history reveals the avoidable fact that economic structures, along with cultural beliefs and social norms that govern how we use energy and resources, play a dominant role in determining the magnitude of anthropogenic environmental impacts – and this role will continue irrespective of the technological programmes that are implemented. In particular, while economic growth continues to be a fundamental political objective ‒ in the developed and developing world alike ‒ it is not enough to decrease the carbon intensity of this growth: absolute emissions reductions must be achieved under continued growth, and this must be achieved globally, not just in deindustrialised regions with service- and knowledge-based economies. 
We therefore wish to emphasise that the economic case for climate action should be seen as an element of a wider dynamic of economic structures, cultural and social practices, and political forces that ultimately determine how, and whether, we act against climate change. While an investigation into these dynamics clearly lies outside the scope of the current work, it is important to bear in mind that their role will be critical in determining the extent to which the substantial mitigation potential of the scenario explored here could be realised in practice.  
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