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			The built environment is a critical part of the climate change problem in cities, and urban buildings can act as a scaled response to mitigating anthropogenic climate change. Buildings last for well beyond a hundred years and thus have the potential to provide cities with a healthier and safer environment for urban dwellers well into the future. The role of the building sector toward reducing greenhouse gas (GHG) emissions is now better understood, and has resulted in various initiatives globally to move toward being a net-zero carbon sector. The objective of this study was to provide an assessment of the costs in achieving the emissions-reduction potential for each high-emitting sector in the eThekwini Municipality (KwaZulu-Natal, South Africa) through the determination of a marginal abatement cost curve (MACC). The MACC was developed for 2030, 2040, and 2050 across key sectors and aligned with the approach used by the eThekwini Municipality by employing the GHG Protocol’s BASIC level of reporting that excludes the Agriculture, Forestry, and Other Land-use (AFLOU) and Industrial Processes and Product Use (IPPU) sectors. We found that the building sector offers the lowest cost to mitigate each tonne of GHGs when compared to other sectors in the eThekwini Municipality. Several interventions within the building sector further display positive payback periods throughout its life cycle. The MACC produced in this study is the first of its kind for any municipality in South Africa and will provide insights into the net cost of interventions that would mitigate a tonne of carbon emissions. 

			Significance:

			•The MACC produced in this study is the first of its kind for any municipality in South Africa. Developing a MACC adds to an important basket of factors that need to be considered when planning for future climates in cities and is of benefit in prioritising actions in addressing climate change. The MACC in this study demonstrates that energy efficiency interventions in the building sector offer substantial mitigation potential within the most feasible payback periods when compared to other sectors.

			•The MACC may be replicated by other municipalities, to support the prioritisation of actions needed to address climate change.
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			Introduction

			Cities are home to 55% of the world’s population and could face the worst risks from climate change1, with many of the key and emerging global climate risks being concentrated in urban centres. Cities will be threatened by an unprecedented changing climate whilst the growing populations and development within these cities are likely to contribute to increased levels of greenhouse gas (GHG) emissions in the atmosphere.2

			The building sector is one of the largest contributors to GHG emissions, largely through its energy use where it accounts for about one third of global energy use.3 It is estimated that the building sector contributes 28% of global GHG emissions, with a further 11% of emissions arising from the accounting and consideration of embodied emissions from building materials and construction activities.4 The building sector is recognised in the IPCC’s 4th Assessment Report5 as displaying a substantial potential for climate change mitigation into the future. Given that buildings generally have a life span that can range from 40 to over 100 years4, reducing the output of carbon emissions of a building from the onset can offer emissions savings throughout its lifespan, providing substantial GHG emissions reductions at the lowest cost relative to other sectors5.

			Increasingly there is focus placed on transitioning toward low to zero carbon buildings. In South Africa, four cities – eThekwini Municipality, the City of Cape Town, the City of Johannesburg, and the City of Tshwane – have made public declarations through the C40 platform, alongside a number of developed country cities (e.g. London, Montreal, and New York City), pledging that all new and existing buildings will have a low to zero carbon profile by 2030 and that all city-owned buildings will have a low to zero carbon profile by 2050.6 To date, there have been no marginal abatement cost curves (MACC) developed to assess the net costs of such interventions. 

			The definition of a low to zero carbon building (also referred to as a net-zero carbon building), according to the Green Building Council of South Africa7 is a highly energy-efficient building that is wholly powered from renewable energy sources that are on-site and/or off-site and may include off-sets that would neutralise a portion of the building operation’s energy consumption. While embodied carbon is of significance as the sector represents at least 11% of global GHG emissions, embodied carbon is not considered under the definition of low to zero carbon buildings, which applies to the operational emissions from buildings.7

			Energy efficiency makes up the foundation and largest component of a net-zero carbon building, where a net-zero carbon building refers to a building that emits very little to no GHGs and that is supported by supplementary renewable energy sources.7 Reducing the energy demands within a building is priority before the addition of renewable energy systems or off-sets, so that the need for these systems, and the associated costs, is reduced to a minimum.8 The building sector encompasses a diverse use of energy-intensive technologies that varies per sub-sector and building typology; however, designing a building with energy efficiency in mind can significantly conserve the energy usage of a building, such as allowing for natural sunlight to reduce the need for lighting and designing appropriate ventilation to reduce the need for space cooling.8 Energy efficiency in buildings in this paper is strongly linked to net-zero carbon building, especially as energy supply is separated from buildings into different sectors as per the Greenhouse Gas Protocol.9 

			The eThekwini Municipality contributes 5% of the country’s total GHG emissions, responsible for 29 025 638 tCO2e.10 When accounting for emissions from electricity, the building sector represents 34% of eThekwini Municipality’s GHG emissions and this amount is largely from residential and commercial buildings.11 With the eThekwini Municipality having committed to a net-zero carbon building sector6, the aim of this study was to describe the cost implications associated with such a commitment. A MACC has been developed specifically for this study to present an analysis of the mitigation potential and associated costs for key sectors in the eThekwini Municipality for the years 2030, 2040, and 2050. The MACC provides insights into the net cost of an intervention that would abate or mitigate a tonne of carbon emissions. The MACC presents time frames for 2030, 2040, 2050 across key sectors and highlights that the building sector offers significant GHG reductions at the lowest cost when compared to other high-emitting sectors in the eThekwini Municipality. 
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			Mitigation potential within the eThekwini Municipality

			The development of a MACC requires an estimation of the GHG emissions that can be mitigated per intervention within a sector (abatement costs).12 Typically, countries and cities compile GHG emission inventories and use these as a basis to understand the opportunities to mitigate these emissions into the future.12 This is commonly referred to as a Mitigation Potential Assessment, and essentially refers to the quantified potential to mitigate GHGs over specific timelines, and can also be referred to as the emissions-reduction potential.13 Mitigation potential is calculated as the difference in GHGs between a baseline or business-as-usual future where emissions reductions occur based on current policy projections and a future with enhanced emissions reductions.5 Mitigation Potential Assessments model the interventions required to achieve the emissions reductions in the future, which provides a vital foundation on which the MACC is developed and calculated. This study builds upon existing research on the mitigation potential of high-emitting sectors within the eThekwini Municipality that was developed as part of a partnership between C40 Cities and the eThekwini Municipality to develop a Climate Action Plan (hereafter referred to as the ‘CAP’).13 

			The CAP included a mitigation potential analysis that modelled emissions growth scenarios for various sectors in the eThekwini Municipality until 2050 and these emissions projections are listed in Table 1. The CAP’s emissions growth projections are built on the 2015 baseline of emissions provided by the eThekwini Municipality’s GHG report10 that uses guidelines for GHG reporting from the Greenhouse Gas Protocol9. The Greenhouse Gas Protocol’s BASIC level of reporting excludes the Agriculture, Forestry, and Other Land-use (AFLOU) and Industrial Processes and Product Use (IPPU) sectors.9 Growth factors used within the CAP have been based on population and economic growth assumptions to inform future changes in the sectors analysed.13 The CAP’s mitigation potentials are displayed as sectors based on end-user allocations (aligned to the Greenhouse Gas Protocol9) of GHG emissions where a technical and market-based approach is applied to reducing emissions up until 2050.13 A combined use of a technical and market-based approach means that emissions-reduction potentials are projected through tested interventions currently used around the world and to what portion of the market would readily adopt these interventions.13,14 Aligned to this approach, South Africa published country-wide mitigation potential analyses that included a series of MACCs14, and included a combination methodology of the two approaches to calculate the mitigation potential and its associated costs for sectors, aligned to the IPCC’s 4th Assessment Report.5

			However, a MACC did not accompany the mitigation potential analyses contained within the eThekwini Municipality’s CAP and we seek to fulfil that gap, focusing on the building sector. The MACCs calculated in this paper are for 10-year periods going up to 2030, 2040 and 2050, using the CAP’s modelled mitigation potential of sectors and their costs.
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			Development of a MACC for the eThekwini Municipality

			Approach

			Building on the work from the eThekwini Municipality’s CAP Mitigation Potential Assessment, the MACC produced in this study is the first of its kind for any municipality in South Africa. The MACC of this study aligns to interventions used within the CAP13 for only those that are feasible from the current technical and legal perspectives listed in Table 1. In determining the MACC, the interventions selected were aligned to the CAP13 which used a combined technical and market-based approach based on the availability of each intervention and then modelled on the potential of the market that would adopt a GHG-reducing intervention or technology.14 Refer to the supplementary material for more information on the limitations of the model with specific regard to the interventions.
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			Table 1:	Technological interventions considered in the marginal abatement cost curve (MACC) for the eThekwini Municipality

			
				
					
					
					
					
				
				
					
							
							Sector/sub-sector

						
							
							Technology intervention in the eThekwini Municipality’s CAP 

						
							
							Considered in MACC

						
							
							Reasons for non-inclusion 

						
					

					
							
							Power

						
					

					
							
							Electricity generation

						
							
							Power grid decarbonisation

						
							
							No

						
							
							Current legislated limitations to generating power

						
					

					
							
							Electricity generation

						
							
							Distributed renewables

						
							
							Yes

						
							
					

					
							
							Buildings

						
					

					
							
							New and existing

						
							
							Lighting

						
							
							Yes

						
							
					

					
							
							New and existing

						
							
							Water heating

						
							
							Yes

						
							
					

					
							
							New and existing

						
							
							Insulation

						
							
							Yes

						
							
					

					
							
							New and existing

						
							
							Heating and cooling

						
							
							Yes

						
							
					

					
							
							New and existing

						
							
							Equipment efficiency

						
							
							No

						
							
							Complexities of data collection 

						
					

					
							
							Industrial

						
					

					
							
							Industrial fuel switch

						
							
							Fuel efficiency

						
							
							No

						
							
							Complexities of data collection

						
					

					
							
							Industrial energy efficiency

						
							
							Equipment efficiency

						
							
							No

						
							
							Complexities of data collection 

						
					

					
							
							Transport

						
					

					
							
							Road – mode shift

						
							
							BRT – Bus Rapid Transit

						
							
							Yes

						
							
					

					
							
							Road – fuel switch

						
							
							Fuel efficiency 

						
							
							No

						
							
							Complexities of implementation

						
					

					
							
							Waste

						
					

					
							
							Landfill efficiency

						
							
							Waste to energy

						
							
							Yes

						
							
					

					
							
							Increased recycling

						
							
							Paper and plastic waste

						
							
							Yes

						
							
					

					
							
							Increased composting

						
							
							Food and yard waste

						
							
							Yes

						
							
					

					
							
							Wastewater treatment method switch

						
							
							Activated sludge treatment w/ nitrogen removal with anaerobic digesters

						
							
							No

						
							
							Intervention increases output of GHGs
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			Research methodology 

			There is a set of core information that is necessary to generate a MACC for any area. This information includes but is not limited to: 

			1.calculation of the mitigation potential of sectors that would include the calculated volume of GHGs abated over a determined period

			2.the full time frame of all interventions that would reduce GHGs within sectors

			3.the total lifetime costs of all interventions, including both capital and operational expenses

			4.financial savings or returns resulting from interventions

			5.the cost of financing said interventions

			6.an uptake/applicability factor

			7.discount rates12,14

			The formula for calculating the net annual cost (NAC) is13:

			NAC (ZAR/year) = equivalent annual cost (ZAR/year) + annual operation & maintenance costs (ZAR/year) – energy cost saving (ZAR/year)

			The formula for calculating the marginal abatement cost is:

			MAC (ZAR/tCO2e) = net annual cost (ZAR/year) / total emissions reduction (tCO2e/year)
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			The CAP has modelled and detailed distinct projects and interventions that reduce GHGs projected to 2050 for each of the assessed sectors and includes details of the mitigation potential of each intervention up to 2050. For purposes of the MACC determined through this study, the costs were largely obtained from South Africa’s national mitigation potential analyses14 with additional local costings for the waste and transport sectors obtained from research done in eThekwini on the costs to provide a more localised and specific context.15,16 An applicability rate was applied to each intervention already within the CAP, to effectively measure the rate of uptake that each sector would adopt for the intervention.13 This was further based on the emissions profile of the sector; for example, in the building sector, HVAC interventions were not considered for low-income houses and alternative methods of water heating were not considered for commercial warehouse buildings.13 For purposes of the MACC developed in our study, the only interventions considered were those for which the data were adequately recorded by the eThekwini Municipality and that could be legally implemented at the time of publishing.

			As there may be more than one intervention with differing lifetime periods, it is important to ensure that there is consistency in comparing lifetime costs, which can be achieved by annualising the costs of each intervention.14 This can be represented by utilising net annual costs that consider the capital costs, operational costs and any associated costs minus the energy savings and/or revenue that may arise through the implementation of the intervention on an annual basis.14 The costs are annualised to allow for comparison with other interventions, where the interventions may have differing life spans, and therefore differing net annual costs.12

			As we investigated the costs of mitigation potentials extending until 2050, a discount rate of 7% was applied to determine the present value of the money over a 30-year time-frame.14 A discount rate refers to the rate that will be used to discount a future value amount to its present value.14 Electricity prices have been projected using South Africa’s Integrated Resource Plan (IRP) and are calculated for the building sector for avoided costs of electricity payments due to electricity usage reductions.17

			The MACC developed in this study analyses the key sectors in the municipality for the years 2030, 2040, and 2050 taking into consideration the key interventions proposed in the CAP completed for the eThekwini Municipality. Table 2 provides a summary of the cost inputs used to determine the MACC in this paper, noting that all interventions, their scale, and their emission reduction projections have been obtained from the CAP.
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			Table 2:	Summary of input data costs per intervention, noting references to the sources of the input costs

			
				
					
					
					
					
					
					
					
					
					
				
				
					
							
							Sector

						
							
							Sub-sector

						
							
							Interventions

						
							
							Capital cost

						
							
							Operating cost

						
							
							Revenue generated

						
							
							Avoided costs

						
							
							Comments

						
							
							Total emissions reduction (tCO₂e) per intervention (2030–2050)¹²

						
					

					
							
							Energy

						
							
							Power

						
							
							Electricity: distributed renewables (ZAR/W)18

						
							
							14.00 

						
							
							1.00 

						
							
							0.001830 

						
							
							–

						
							
							 

						
							
							1 718 182.13 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Residential: lighting efficiency LED only 
(ZAR per building)¹³

						
							
							1825 

						
							
							–

						
							
							–

						
							
							561.25 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, high income residential, low income)
2. Avoided costs from electricity reductions 

						
							
							534 213.33 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Residential: building insulation (ZAR per building)¹³

						
							
							1000 

						
							
							–

						
							
							–

						
							
							142.58 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, high income residential, low income)
2. Avoided costs from electricity reductions 

						
							
							819 862.95 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Residential: efficient water heating (ZAR per building)¹³

						
							
							800.00 

						
							
							26.00 

						
							
							–

						
							
							196.07 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, high income residential, low income)
2. Avoided costs from electricity reductions 

						
							
							318 259.37 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Commercial: lighting efficiency LED only 
(ZAR per m²)¹³

						
							
							2.83 

						
							
							–

						
							
							–

						
							
							19.36 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, warehouse, office)
2. Avoided costs from electricity reductions 

						
							
							1 750 842.49 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Commercial: efficient water heating (ZAR per m²)¹³

						
							
							37.30 

						
							
							0.90 

						
							
							–

						
							
							0.99 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, warehouse, office)
2. Avoided costs from electricity reductions 

						
							
							109 956.71 

						
					

					
							
							Industry

						
							
							Buildings

						
							
							Commercial: HVAC with heat recovery (ZAR per m²)¹³

						
							
							14.60 

						
							
							1.20 

						
							
							– 

						
							
							2.98 

						
							
							1. Capital and operating costs averaged per building typology (e.g. new and existing, warehouse, office)
2. Avoided costs from electricity reductions 

						
							
							162 629.45 

						
					

					
							
							Transport

						
							
							Road

						
							
							Mode shift: Bus Rapid Transit (ZAR ‘000 per km)16

						
							
							1779.95 

						
							
							46.32 

						
							
							109.23 

						
							
							–

						
							
							 

						
							
							7 917 652.68 

						
					

					
							
							Waste

						
							
							Municipal solid waste

						
							
							Landfill gas to electricity (ZAR per m³)15

						
							
							16 222.22 

						
							
							9 333.33 

						
							
							527.86 

						
							
							–

						
							
							 

						
							
							506 940.00 

						
					

					
							
							Waste

						
							
							Municipal solid waste

						
							
							Food and yard composting (ZAR per tonne)¹³

						
							
							3204.69 

						
							
							 

						
							
							33.65 

						
							
							154.79 

						
							
							1. Revenue generated through sale of recycled product
2. Avoided costs of landfilling 

						
							
							474 344.20 

						
					

					
							
							Waste

						
							
							Municipal solid waste

						
							
							Paper recycling 
(ZAR per tonne)¹³

						
							
							381.36 

						
							
							358.35 

						
							
							198.53 

						
							
							154.79 

						
							
							1. Revenue generated through sale of recycled product
2. Avoided costs of landfilling 

						
							
							713 860.00 
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			Marginal abatement cost curves for the eThekwini Municipality

			The building sector

			The interventions represented by the MACC show a generalised emissions reduction cost for all building typologies in the residential and commercial sectors. This cost includes a projected number of newly constructed buildings that would be built with energy-efficient interventions and  the number of existing buildings that would be converted to energy-efficient buildings.

			For the first period in the analysis (2030–2040), the building sector is the only sector that provides a return on investment. This is displayed on the graph as a negative cost (Figure 1). To aid in reading the MACC, it is important to note that the width of the graph on the horizontal axis specifies the amount of potential carbon emissions abatement (tCO2e) whereas the vertical axis displays the modelled costs for the reduction in carbon emissions specific to the intervention used (ZAR/tCO2e).

			With six interventions arising from the building sector, three of these interventions result in a negative financial implication, which means that these interventions result in energy savings that surpass the capital and operational costs within the first 10 years. The shift from compact fluorescent lights to light-emitting diodes (LEDs) offers the most potential for emissions reductions for the residential and commercial sectors and is inclusive of existing and new buildings to provide a negative cost. Implementing efficient HVAC technologies in new commercial buildings also provides a negative cost and contributes towards emissions reductions. The 2030 MACC for the building sector (Figure 1) does show interventions that incur a cost, namely solar water heating interventions and insulation measures. 

			Lighting interventions within commercial buildings consistently deliver the most GHG reductions in each time frame, while residential lighting interventions offer the most cost-effective solution. Interventions to increase the insulation of residential buildings are slowly applied at a rate of 5% in 2030 and cumulatively increased to 10% for 2040, and steeply increased to 80% of all residential houses by 2050, which accounts for the significant growth in GHG reductions from this intervention.13 

			Figure 2 displays the MACC for the building sector for the period of 2030–2040. Solar water heating for the residential market now results in a negative cost in addition to lighting interventions, the commercial sector’s solar water heating, and the residential sector’s enhancement of insulation interventions. 

			Figure 3 displays a full range of interventions within the building sector that all result in a negative cost in 2050. This means that there is not a single intervention in the building sector that does not provide a return on investment within the 10-year period from 2040 to 2050. The graph for GHG-reducing interventions for the commercial sector for the ‘HVAC with Heat Recovery’ aspect does not display in the scale of the graph as results show a slight negative cost of ZAR20 per kilotonne of carbon emissions reduced. 
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			MACC for stationary energy – implementing distributed renewable energy generation

			Distributed generation refers to electricity that is being produced by multiple grid-connected generation systems generally from residential and commercial buildings.17 In this manner, energy is generated closer to where it will be consumed in comparison to conventional energy supply systems in South Africa and is commonly referred to as small-scale embedded generation.18 Distributed generation of electricity is thus characterised by a decentralised supply. For small-scale distributed generation, generation is derived from buildings, and in the context of the eThekwini Municipality, it should be done via rooftop photovoltaic panels. The IRP sets out that small-scale embedded generation use is restricted to a single customer, and this implies boundaries around distributing energy.17

			We calculated the costs of integrating distributed renewable energy by means of small-scale embedded energy generation that is legally allowed. The costs were calculated through utilising current market costs per Watt to install small-scale embedded energy generation in the eThekwini Municipality.18

			Figure 4 graphically displays the MACC for the distributed generation of renewable energy for all periods (2030, 2040, and 2050). The vertical axis represents the cost of reducing a single tonne of carbon dioxide, where there is a cost implication of ZAR13 982.30 to reduce one kilotonne of carbon emissions for the year 2030, and similar costs of ZAR17 461.65 and ZAR20 492.90 to reduce a kilotonne of emissions for 2040 and 2050, respectively.

			While costs for distributed generation increase in the second decade of implementation, there is a strong reduction in emissions that increases to about 300% and further rises to over 500% in 2050. 
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			Figure 1: 	Marginal abatement cost curve for the building sector in 2030.
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			Figure 2:	Marginal abatement cost curve for the building sector in 2040.
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			Figure 3:	Marginal abatement cost curve for the building sector in 2050.
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			Figure 4:	Marginal abatement cost curve for distributed renewable energy supply in 2030, 2040, and 2050.
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			MACC for implementing low carbon transportation

			For low-carbon transportation, this MACC focuses on Bus Rapid Transit (BRT) systems; BRT refers to a road-based solution to providing public transportation services that are accessible and more affordable than rail systems.13 This intervention involves increasing the modal share of the usage of buses as opposed to passenger automobiles in the Municipality.16 Despite the name of this intervention, the eThekwini Municipality follows the approach of a dedicated lane for a high occupancy transport vehicle using standard city buses that is not of the usual BRT design.16 This approach is different from those of the City of Johannesburg, the City of Tshwane, and the City of Cape Town that operate buses designed to be specific to the needs of the BRT system.16 This means that the capital costs arising for the Municipality are largely the infrastructure costs of implementing a BRT system.

			Due to the sector containing a single intervention only, the full period from 2030 to 2050 is displayed on a single graph in Figure 5. Evidently, the cost implication of this intervention reaches over ZAR35 000 to reduce a single kilotonne of carbon emissions in 2030 but drops sharply to 2040 by 79% and with the emissions reduction potential increasing substantially by 490% (Figure 5). 

			Despite the high costs, providing a safe and accessible public transportation system is already a priority in the Municipality and will provide far-reaching social and economic benefits that have not been quantified in this study.
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			Figure 5: Marginal abatement cost curve for the transportation sector in 2030, 2040, and 2050.
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			MACC for the waste sector

			The waste sector includes interventions for the recycling of paper and plastic, composting of food and garden waste, and capturing landfill gas for electricity. These interventions incur costs to reduce carbon emissions with no direct financial payback. However, the reduction and recycling of waste materials will have significant environmental and social benefits beyond reducing carbon emissions, such as conserving landfill space and reducing the leachate of pollutants from landfills. 

			The MACC for the recycling of waste takes into account the capital costs of setting up the collection, sorting, and recycling services specific to the waste type and the operating and ancillary costs of these services and finally considers the revenue generated from the sale of the recyclable or recycled material that would have ordinarily been discarded.14 The costs for composting of food and yard waste refer to home composting methods where it is assumed that 50% of urban households have gardens and that the uptake rates for home composting by households in the eThekwini Municipality is 50% for food waste and 75% for garden waste, and this uptake rate remains consistent across the assessed period (2030–2050).13 The cost for home composting involves the purchase of composting bins and the value of compost produced, combined with the reduced costs of waste going to landfill.14 The costs and incomes for both the recycling and composting interventions were obtained from the national report for South Africa’s MACC.14

			The eThekwini Municipality has been implementing landfill gas intervention programmes since the early 1990s for purposes of minimising negative health and safety impacts.15 The Municipality in 2000 pioneered the first registered Clean Development Mechanism project in Africa through their landfill gas to electricity intervention.15 The eThekwini Municipality has a noteworthy case study of converting landfill gas to electricity at the Bisasar Road landfill, and costs from this existing measure were analysed and extrapolated to present a cost estimate for increasing and maintaining this intervention in 2030, 2040, and 2050.15 The revenue generated from this intervention is derived from the sale of electricity produced from the captured gas, and is scaled upwards based on the IRP’s electricity cost projections.17 Due to the sub-tropical climate of the eThekwini Municipality, the majority of available landfill gas is extracted earlier in the life of a landfill with a high methane content.15 Converting landfill gas to electricity provides the highest carbon emissions reduction for 2030 in the waste sector. However, paper recycling takes the position of highest emissions reductions in the waste sector by 2040 when emissions reductions from landfill gas to electricity drops by 30%. By 2050, emissions reductions from landfill gas to electricity drops 70.14% from the 2030 figure. It can be noted in Figure 6, that the costs of landfill gas extraction largely remain the same, while the emissions reduction potential decreases over time. 

			As displayed in Figure 6a, the recycling of paper to reduce GHG emissions arising from the waste sector by 2030 provides the lowest abatement cost per kilotonne of carbon emissions reduced. 

			It is interesting to note the low costs arising from the recycling of paper. Outside of the building sector, paper recycling has the lowest abatement cost and offers a consistently low cost until the end of the period in this study. The case for emissions reductions with paper recycling improves; Figure 6b shows that emissions reductions increased 216%. The total increase in emissions reductions for the entirety of the assessed period until 2050 is 346%, and this can be viewed through an increase from Figure 6a through to Figure 6c, where Figure 6c is the final period of assessment. While the costs for paper recycling largely remain the same, there is a compelling case to be made through the significant reduction of GHGs.

			The composting of food and yard waste is a contrasting image in this sector as the costs and emissions reductions remain consistent throughout the assessed periods. These costs are the highest of all assessed interventions, and the emissions reductions potential is notably the lowest. It is important to note that the scale of intervention applied to the sector is also consistent for all three periods, implemented in three parts across the assessed periods between 2030 to 2050.13
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			Figure 6:	Marginal abatement cost curve for the waste sector in (a) 2030, (b) 2040 and (c) 2050.
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			Summary of results

			The IPCC5 demonstrated that, on a global scale, the building sector could contribute towards achieving the goals outlined by science in the Paris Agreement.5,6 South Africa’s national MACC calculated in 2016 highlighted the building sector to offer the most emissions reductions at the lowest cost when compared to all other sectors.14 This study confirms that the building sector in the eThekwini Municipality offers the highest abatement potential at the lowest cost when compared to any other sector, aligning to previous studies by C40 and ICLEI.3,6

			The determination of the eThekwini Municipality’s GHG mitigation potential conducted for the CAP provided a key departure point for the development of the MACC for emission reduction forecasts within the Municipality. Based on the MACC, the building sector offers the lowest cost to reduce GHG emissions when compared to the other studied sectors. Several interventions within the building sector display negative costs, indicating that the intervention will have a positive payback period throughout its life cycle. The building sector, out of all analysed economic sectors in the eThekwini Municipality, dominates the first percentile of abatement costs that refers to the lowest cost interventions (refer to the supplementary material for more information on the percentiles). This indicates that the building sector should be prioritised for early action as it represents the most cost-effective sector for reducing the first 25% of the eThekwini Municipality’s available lifetime mitigation potential. All interventions to reduce GHG emissions up to 2050 in the building sector provide a return on investment. The intervention with the lowest cost is the installation of efficient LED lighting in both new and existing buildings for both the national MACC14 and for the MACC developed for the eThekwini Municipality in this study.

			The waste sector has the second lowest abatement costs in the eThekwini Municipality. The transportation sector displays the highest abatement power across all assessed sectors for the eThekwini Municipality, followed by the power sector. The low costs for the waste sector largely arise from the revenue generated through the resale of the waste material and also from reducing the costs associated with landfilling, where there are costs to landfill in the eThekwini Municipality and in South Africa. The waste sector represents the sector with the third lowest cost for the national MACC, but this is due to the consideration of the AFLOU sector in the national MACC that was not accounted for in the CAP.13,14 It is important to note that a MACC is not meant to be the final deciding factor for policymakers, but only to add to an important basket of factors that need to be considered when planning for future climates in cities. 

			The building sector represents a unique opportunity for the eThekwini Municipality to serve as best practice by taking appropriate climate action, and in optimising service delivery offerings to inhabitants at lower operating and administrative costs.
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			Summary and recommendations

			The determination of the eThekwini Municipality’s GHG mitigation potential conducted for the CAP provided a key departure point for the development of the MACC for emission reduction forecasts within the Municipality. Based on the MACC, the building sector offers the lowest cost to reduce GHG emissions when compared to the other studied sectors. Interventions to reduce GHG emissions in the building sector fall into the first percentile that refers to the lowest cost interventions (refer to supplementary material) meaning that there is significant potential for mitigation of GHGs within the building sector. As the Municipality has publicly committed to ensuring that all new and all municipal-owned buildings will have a net-zero carbon profile by 2030, and that all existing buildings will have a net-zero carbon profile by 2050, the potential is that about one third of GHG emissions in the Municipality could be mitigated. 

			The MACC developed in this study confirms that the building sector will deliver the highest GHG reductions at the lowest costs in the eThekwini Municipality, but only through energy-efficiency measures. It is therefore recommended that the building sector be prioritised in the list of actions needed to address climate change. Not only is the building sector a low-cost and high-potential sector, it also serves as a scaled approach to address a wide variety of sustainability issues such as water conservation and waste management. Ensuring resource efficiency in the building sector will add to the continuity of operations within buildings, thus minimising disruptions and ensuring that the Municipality has an attractive space for investment and living.

			Due to the magnitude of such a complex assessment, the scope of assessing the economic potential in this study was focused on the financial bottom-line costs of the interventions, which is limited to the capital and operation costs, with no consideration given to social costs and benefits and social discount rates. It would be invaluable to consider the social costs and benefits such as job creation, and the quantification of the costs of future threats to the eThekwini Municipality. It is important to note that the MACC does have limitations as it neglects to account for societal changes and behavioural studies, and does not account for a holistic representation of all externalities that may have negative local economic impacts such as local air pollution.17 Furthermore, the MACC does not account for potential benefits that will arise through mitigating climate change and from the reduction of future risks.

			It is recommended that future studies explore all sectors aligned to the BASIC+ system of reporting and that outcomes assessed further include data that go beyond the scope of this research that would describe the number of jobs created per intervention, the economic implications on GDP arising from the implementation of the intervention, and the associated social benefits. 

			Furthermore, while this study broadly highlights the building sector as offering significant GHG emission reductions at the lowest abatement cost, a more detailed study that includes interventions within the industrial sub-sector is recommended. Industrial efficiency interventions offer a larger amount of mitigation potential than the building sector, almost three times as much; although currently accessing such data from industries has proven difficult and requires greater partnerships to unlock these barriers.
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