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Cities emit the majority of greenhouse gas emissions globally and are increasingly committing to aggressive mitigation actions. Cities are also experiencing poor—and in some cases worsening—air quality, contributing to large disease burdens for adults and children. Integrated planning frameworks can help cities leverage and prioritize measures that achieve climate, air quality, and health benefits simultaneously. We developed and applied an integrated climate action planning process that includes air quality, utilizing Pathways-AQ, a new assessment tool, in six pilot cities: Accra, Ghana; Addis Ababa, Ethiopia; Buenos Aires, Argentina; the metropolitan area of Guadalajara, Mexico; Johannesburg, South Africa; and Lima, Peru. Implementing the “ambitious” greenhouse gas reduction scenarios in these cities' climate action plans would reduce in-city contributions to fine particulate matter (PM2.5) concentrations and would avoid 230–1,040 annual premature deaths per city, by 2050. This new integrated climate action planning process revealed the importance of (i) geographic scales of analysis, (ii) data integration across climate and air quality, (iii) local civic engagement, and (iv) nuanced health messaging. Rapidly scaling up and applying this integrated approach can broaden the group of municipal stakeholders involved in climate-related planning goals, potentially leading to greater ambition by integrating climate, air pollution, and health objectives.
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INTRODUCTION

Air pollution and climate change are closely interlinked through common sources that emit both primary and precursor air pollutants, short-lived climate pollutants (SLCPs, e.g., black carbon, a component of PM2.5, and methane, a powerful but short-lived greenhouse gas) and long-lived greenhouse gases (GHGs, e.g., CO2; Fiore et al., 2015). Here we primarily focus on fine particle pollution, or PM2.5, and associated precursor pollutants NOX, SO2, VOC, and NH3, which result in the greatest burden of disease globally (McDuffie et al., 2021). Historically, governmental actions to address climate change and air pollution have been largely separate, despite these common emission sources and that climate change affects air pollution and vice versa (Nemet et al., 2010; Ravishankara et al., 2012; Schmale et al., 2014). Improvements in air quality (AQ) and public health are among the largest and most-localized potential co-benefits of GHG mitigation actions, and thus often a key point of engagement for all cities, especially those in low- and middle-income countries, which increasingly seek solutions that achieve multiple policy goals simultaneously (Akbar et al., 2014). However, simultaneously assessing the AQ, health, and climate impacts of GHG and air pollution mitigation actions is challenging, in part because of dramatic differences in the climate and air pollution impacts of various pollutants; the wide variation in quantities emitted by source and by location; and the degree to which specific mitigation actions reduce these emissions (GAHP, 2020).

In response to these challenges, numerous tools have been developed to aid in integrated assessments and in planning for air quality and climate goals (Anenberg et al., 2016). Many of these tools include pre-packaged analytical calculations or reduced form, computationally expensive atmospheric chemistry simulations that have been simplified to facilitate adoption by the planning community. These tools provide a range of capabilities, such as quantifying how specified changes to air pollutant concentrations impact human health [e.g., BenMAP (USEPA, 2015), AirQ+ (WHO, 2019)], how changes to emissions impact concentrations (e.g., InMAP; Tessum et al., 2017) or corresponding health impacts [e.g., EASIUR (Heo et al., 2016), AP2 (Muller, 2014),TM5-FASST (Van Dingenen et al., 2018)], or how changes to policies impact emissions [LEAP (Heaps, 2020), ESP (Loughlin et al., 2011)]. A typology of available tools is found in the Supplementary Figure 1.

Cities are emerging as critical participants in efforts to reduce global GHGs, but at the same time, they often struggle to control air pollution. Only 1% of 12,990 cities globally had population-weighted annual mean PM2.5 concentrations below the World Health Organization (WHO) 2021 guideline of 5 μg/m3 in 2019 (Southerland et al., 2022); and air pollution concentrations are rising in many cities globally (Anenberg et al., 2019). Several cities have integrated AQ into Climate Action Plans (CAPs) in recent years (e.g., Paris, Durban, Los Angeles, New York City), but to date, most CAPs that include air quality modeling have been created by cities with financial resources for consultants and/or access to sophisticated modeling resources, either in-house or through collaborators. The complexities and computing resources typically required to simulate air quality under different policies remain an important barrier for integrating air quality into CAPs. In resource-poor settings, air pollution and health co-benefits may offer the greatest incentive for cities to “raise ambition” and seek stronger pollutant reductions.

A new opportunity for integrating climate change and air quality planning is emerging through city networks that act as “boundary organizations,” linking scientific information with policy development. One leading example is C40 Cities, a network of 96 cities that, combined, represent >700 million people and one quarter of the global economy. Throughout 2020, C40 led the largest urban CAP process in history, aiming to help cities worldwide achieve carbon neutrality by 2050 (C40, 2020a). Most of these cities use the “Pathways” planning tool (C40, 2022) to explore carbon emission scenarios that reflect a range of stringency in mitigation. However, Pathways had not—heretofore—included the capability to estimate air quality and health co-benefits of climate actions; and most of these cities do not have the resources to conduct their own air quality and health assessments outside of Pathways.

The objective of this work, therefore, was to develop a new framework, including both planning processes and screening-level analytical tools, to integrate PM2.5 and PM2.5-attributable mortality into city-level climate action planning (see Figure 1). PM2.5 was chosen as the target pollutant because it is the leading contributor to the global air pollution disease burden. This framework is distinct from previous assessment tools in that it spans the complete causal chain between emissions policies and emission impacts, for both air quality and climate action planning, and was developed specifically for use in urban areas; as compared with other tools that were originally developed for national scale analyses (e.g., LEAP-IBC; Kuylenstierna et al., 2020). This paper describes implementation of this new framework for six pilot cities (Accra, Ghana; Addis Ababa, Ethiopia; Buenos Aires, Argentina; Guadalajara, Mexico; Lima, Peru; and Johannesburg, South Africa), using examples from Buenos Aires to illustrate the process and tools, followed by lessons learned and considerations for scaling up application of this integrated climate planning and air quality management approach in more cities.


[image: Figure 1]
FIGURE 1. Integrated framework for Climate Action Planning with Air Quality (CAP-AQ).




MATERIALS AND METHODS


Integrated Climate Action Planning-Air Quality Process

We formed a new partnership between academic researchers, consultants, C40 Cities, and municipal staff to develop an integrated Climate Action Planning-Air Quality (CAP-AQ) process that includes simultaneous consideration of GHGs, PM2.5, and PM2.5-attributable mortality in urban CAPs. The science-policy partnership enabled us to bridge the gap between scientific literature, which highlights the PM2.5 and health co-benefits of GHG mitigation, and the urban GHG mitigation planning led by C40 Cities and municipal agencies (C40, 2020b). The partnership included specialists in atmospheric science, public health, GHG emissions modeling, and climate and AQ policy, along with the municipal staff who hold crucial information about their city's context, including governance structures, emission sources, and potential mitigation policies. Several C40 staff members were based in pilot cities (in some cases sitting within municipal agency offices), where they could work directly with municipal staff to gather city-specific data, co-develop GHG and AQ analyses for the CAPs, convene staff across city agencies, and assist with generating and interpreting results.

Together, we developed a new integrated CAP-AQ process that enables simultaneous consideration of GHGs, air pollution and associated health impacts in urban climate action planning; and encourages continuous learning and iteration to prioritize mitigation strategies that achieve multiple benefits. For each city, the CAP-AQ process begins by identifying key emission source sectors, developing GHG emissions inventories and collecting AQ emission factors, setting GHG mitigation goals, developing mitigation plans and policies, and estimating reductions in GHG emissions and changes in PM2.5 and associated mortality impacts (Figure 2). The process includes iterating on the draft mitigation plans to evaluate and prioritize strategies that consider the multiple goals of GHG and air pollution mitigation.


[image: Figure 2]
FIGURE 2. Flow diagram of C40 integrated climate and air quality (CAP-AQ) assessment process.




Decision-Support Tools

We developed several decision-support metrics for C40 Cities and its member cities to integrate PM2.5 into climate action planning: (1) estimates of city-wide annual average PM2.5 concentrations and associated mortality burdens; (2) estimates of the portion of PM2.5 concentrations that stem from emissions that are located inside (for sectors with interventions that are most likely to be under municipal purview) vs. outside of city control (e.g., emissions from natural sources as well as anthropogenic emissions outside the city); and (3) datasets and calculations that estimate the change in air pollutant emissions, PM2.5 concentrations, and PM2.5-attributable mortality that would come from municipal GHG mitigation actions.

This analysis uses C40's Pathways tool, a bottom-up city-scale strategic planning model of activity within eight sectors (e.g., transportation, wastewater; C40, 2022). For each sector, activity level is multiplied by a GHG emission factor (emissions per unit of activity) to calculate the associated GHG emissions. For greater reliability, the activity level is calibrated to data from the city's greenhouse gas emissions inventory (the industry-standard Global Protocol for Community-Scale Greenhouse Gas Emission Inventory, or simply “GPC-compliant inventory”; GHG Protocol, 2014). The tool is used to model city-level GHG emissions over time and allows users to input actions, such as shifting to energy efficient household appliances, to see how they will reduce the city's total emissions at various time scales.

Users can input city GHG emissions inventory activity levels and predictions for growth drivers or factors to forecast emissions in future years. Users can select emissions targets (or emissions intensity targets) for three horizon years (future years for which emissions are scaled relative to a base year using population and GDP growth assumptions to establish a “Business As Usual” scenario) and compare their targets with resulting carbon trajectories (C40, 2020a). The model contains default assumptions for three levels of action implementation, consistent with the three required scenarios: “Business as Usual” (BAU), “Existing and Planned” action (E&P), and “Ambitious” action (see screenshots of user interface in Supplementary Figures 2, 3).

Pathways contains dashboards that allow users to quickly identify key emissions sources within the city by sector, subsector and activity level. Actions that address these emissions are divided into eight sectors: electricity generation, buildings' energy usage, industrial energy usage, transportation, solid waste, wastewater, industrial processes and product use (IPPU), and agriculture, forestry and other land use (AFOLU).

We developed a new version of C40's Pathways tool (called Pathways-Air Quality, or “Pathways-AQ”; C40, 2022) to incorporate a screening-level capability to estimate the change in PM2.5 and precursor emissions, annual average PM2.5 concentrations, and PM2.5-attributable mortality associated with several mitigation scenarios. As applied here, the key analytical steps to quantitatively estimate PM2.5 concentration and associated mortality changes from mitigation policies for each city are (see Figure 3): (1) develop air pollution emissions inventories and changes under policy scenarios, using source sector activity levels and emission factors; (2) estimate changes in PM2.5 concentrations using emission-to-concentration “sensitivities” from a reduced-form chemical transport model; and (3) estimate PM2.5-attributable mortality using epidemiologically-derived concentration-response relationships. A Pathways model can be established for any city with a GPC-compliant inventory (GHG Protocol, 2014). The process involves collecting activity data (the distribution of different technologies—see Supplementary Table 1), establishing growth projections, and identifying specific actions that are implemented to create scenarios. The activity data structure within Pathways draws mostly from bottom-up modeling using city-specific data. Data are sourced from relevant departments within the city government (e.g., housing, transport, waste), and supplemented with data from local surveys, reports, and academic studies. In cases where no city-specific data are available, regional or national data may be used as a proxy by scaling to the local population.
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FIGURE 3. Flow diagram and model structure of C40's Pathways-AQ tool.


The emission factors for primary PM2.5 and its four precursor species (SO2, NOX, VOC, and NH3) come mainly from IIASA's GAINS model (Amann et al., 2011), due to GAINS' generally high quality, global coverage across all relevant sectors with internally consistent values. The IIASA emission factor databases are available by sector, pollutant and country, including 172 country regions (Klimont et al., 2017). Emission factors for the on-road transportation sector were, however, drawn from the European Environment Agency's (EEA) European Modeling and Evaluation Programme 2019 guidebook (EMEP/EEA, 2019). This guidebook breaks down the sector by technology type and vintage at a greater resolution than that which was available in the GAINS dataset. Having categories for technologies like minibuses and three wheelers, distinct from other heavy- or light-duty vehicles, is critical for municipal applications. City governments often have the ability to monitor and regulate on-road transportation, and city managers therefore benefit from using disaggregated transportation data. These emission factors were paired with local activity data to estimate emissions. Region-specific national fleet “high emitter” enhancement factors were applied as in Klimont et al. (2017). A full breakout of sectoral emission factor sources is provided in Supplementary Table 2.

“Sensitivities” (city-specific factors linking changes in primary PM2.5 and precursor emissions to changes in city-wide annual average PM2.5 concentrations) were generated using the InMAP model (Tessum et al., 2017; Thakrar et al., 2022) for 96 C40 cities. The original U.S. version of the InMAP model (Tessum et al., 2017) has been expanded to model the entire globe (Thakrar et al., 2022). While the global InMAP model development is described by Thakrar et al. (2022), here we describe its implementation in the CAP-AQ integration process. State-of-the-art chemical transport models (CTMs) are usually too computationally- and resource-intensive for municipal government application, especially in resource-poor settings (which tend to have some of the planet's worst air pollution). InMAP is a mechanistic model with simplified chemical and physical calculations that functions like a conventional CTM but at far lower computational intensity. As a steady-state model, InMAP uses a time-averaged advection scheme and reaction rates to provide steady-state estimates of changes in annual average PM2.5 levels. Annual average concentrations of PM2.5 are most relevant for determining long-term (chronic) exposure, which is the dominant contributor to adverse effects of air pollution (GBD 2019 Risk Factor Collaborators, 2020).

InMAP uses a variable resolution computational grid, enabling the model to focus computational effort on areas where it matters most, i.e., in population centers, without using valuable computational cycles across vast regions of the ocean or desert where high spatial resolution is less valuable. To achieve this outcome, the model includes a dynamic algorithm that changes grid cell sizes as it runs, based on population density and predicted pollution. The algorithm splits any cell that has more than 100,000 people, based on population densities from World Pop dataset (Tatem, 2017). Global InMAP currently relies on preprocessed GEOS-Chem model data (Henze et al., 2007) as an input for the mechanistic representation of global emission sensitivity outside of the U.S.; additional preprocessors can enable the use of other air quality models in the future. Global anthropogenic initial emissions are from the Community Emissions Data System (CEDS; Hoesly et al., 2018), and are mapped onto the InMAP grid cells at a higher resolution according to population density. Global InMAP uses information from OpenStreetMap, WorldPop, and a database of power plant locations (Tong et al., 2018) to create spatial surrogates to downscale emission locations from the 0.5 × 0.5° CEDS inventory to InMAP grid cells. The default for InMAP global simulations is 2 × 2.5 degrees for the largest cells and 0.031 × 0.039° (~3.5 × 4.3 km2 at the equator) for the smallest cells, although this resolution can be increased (which would increase the computer time required). Individual city simulations use a 20 × 25°spatial domain, centered at the center of the city in question, with maximum and minimum grid cell sizes of 2 × 2.5 and 0.01 × 0.013° (~220 × 280 and ~1.2 × 1.4 km2 at the equator). A summary of the global InMAP model evaluation is provided in Thakrar et al. (2022) and Tessum et al. (2022).

The InMAP model is not meant to reproduce total concentrations, but rather to provide a set of “sensitivities” which are used to convert changes in local emission of PM2.5 to changes in city-scale annual average PM2.5 concentrations (see Supplementary Figure 4 for an example calculation). Using a localized inventory, built from the ground up with local data and expertise, in combination with InMAP generated sensitivities to model the concentration implications of small changes in emissions, is expected to provide the best available information on anticipated air quality benefits of climate action in the context of a scoping-level analysis.

To estimate PM2.5-attributable mortality, Pathways-AQ assesses changes in attributable deaths associated with chronic exposure to PM2.5 that are due to a change in relevant emissions. The six health outcomes currently considered are stroke, ischemic heart disease, chronic obstructive pulmonary disease, lung cancer, lower respiratory infections, and type II diabetes mellitus, consistent with the Global Burden of Disease (GBD) 2019 Study (GBD 2019 Risk Factor Collaborators, 2020). Pathways-AQ uses national cause-specific mortality rates from the GBD 2019 Study, unless city-specific baseline rates are available. Local cause-specific mortality rates can influence urban PM2.5-attributable mortality estimates (Castillo et al., 2021; Southerland et al., 2022); but local cause-specific mortality rates were only available in a limited number of cities and only for some health outcomes. Pathways-AQ uses concentration-response relationships from the GBD 2019 study to calculate the fraction of the individual health outcomes that are attributable to PM2.5. The function is non-linear, flattening at high concentrations and thus leading to lower sensitivity in polluted environments, but still with overall higher health impacts at high PM2.5 concentrations. The portion of cause-specific mortality that is attributable to PM2.5 is calculated using the population attributable fraction method. We obtained a lookup table from the GBD 2019 Study team that provides mean relative risk estimates for individual PM2.5 concentration steps (e.g., 0.01, 0.1, 1, 10, or 100 μg/m3 steps from 0 to 2,500 μg/m3 total concentration). We assume that all PM2.5 components are equally toxic, as evidence for differential effects for individual components is currently insufficient (WHO, 2021). Baseline PM2.5 values are derived from the GBD 2019 Study present-day annual average PM2.5 concentrations. The values are gridded at a 0.1 × 0.1° resolution (~10 × 10 km) and then population weighted across the geographical domain of city boundaries provided by city staff to C40, using the same Worldpop population dataset that was used in the InMAP model.

We have calculated the total PM2.5 concentrations and disease burdens for all 96 C40 cities, as part of the Pathways-AQ model development. For space considerations, the application of these data is shown here for the six pilot cities listed above. We note that full application of the framework requires preparation beyond the calculation of sensitivities, concentrations and disease burdens; and that the conversion of a city's GPC inventory into Pathways-ready file, as well as quality assurance, takes significant effort. This is discussed in Section Data Integration Is Needed Across Climate Action and Air Quality Management Processes.




RESULTS


Application in Six Pilot Cities

We applied the new integrated CAP-AQ framework and the Pathways-AQ tool during the development of CAPs for six pilot cities (Accra, Ghana; Addis Ababa, Ethiopia; Buenos Aires, Argentina; metropolitan area of Guadalajara, Mexico; Johannesburg, South Africa; and Lima, Peru). These cities were chosen because they are major cities making ambitious commitments toward GHG emission mitigation, expressed interest in understanding AQ and health co-benefits of their policy scenarios, did not have previous experience or resources to conduct their own co-benefits assessments, and were eager to enhance integration of climate and AQ policy processes. In cities like Accra, where the legal responsibility for AQ monitoring and management rests with the Ghana EPA and responsibility for health impact assessments and policy guidance rests with the Ghana Health Service (both national-level institutions), this work gives further insight into how municipal authorities can work toward addressing environmental challenges.

While we envision municipal staff taking a larger role in the future, in this initial implementation, C40 staff ran Pathways-AQ to generate estimates of GHG emission, PM2.5 concentration, and PM2.5-attributable mortality impacts. These estimates were based on data inputs provided or approved by city staff, as well as CAP policy scenarios defined by staff and stakeholders in pilot cities. Pathways-AQ results were shared with municipal technical staff for their feedback, and C40 staff made adjustments to the underlying data or background material based on comments received. The city was then presented with an updated “technical annex,” which included background on PM2.5 sources, levels, monitoring capacity, and governance documents (such as an AQ management plan). In some cases, at the city's discretion, the results were then included in a CAP package that was submitted to relevant governance bodies, such as the city council, for approval. In other cases, the CAP-AQ findings and outcomes were summarized in an internal document. We use Buenos Aires as an example to illustrate the process, and then detail the lessons learned across the six pilot cities.



Pilot City GHG Reduction Goals and Policy Scenarios

As illustrated by the results for Buenos Aires, the “Business as Usual” (BAU), “Existing and Planned” action (E&P) and “Ambitious” action scenarios include different gradations of the following policies: renewable grid electricity; heat pumps; LED lighting and high efficiency appliances in commercial buildings; fuel switching and industrial energy efficiency in the industrial sector; mode shifting from private car/minibus to bus rapid transit and commuter rail; and increasing recycling, composting, and sanitary landfills with methane capture. Detailed measures and penetration levels are in Supplementary Tables 3–5, for the city explored here (Buenos Aires). Figure 4 provides the projected results of only the “Ambitious” scenario—using three different metrics (CO2e, PM2.5, and premature mortality)—to demonstrate how different sectors are relevant to the changes in the different indicators. We focus on only the “Ambitious” scenario since we are interested in understanding the emissions implications of the ambitious actions that a city can and is willing to take as a result of its climate action plan (CAP) specifically, rather than the implications of previous regulations (as would be the case for the E&P scenario). Figure 4A depicts the resulting CO2e trajectory for Scope 1 and 2 emissions (i.e., direct emissions generated within a city or emissions generated outside the city resulting from purchased electricity/energy) generated by the city of Buenos Aires. A wide variety of sectors contribute to the projected GHG reductions.


[image: Figure 4]
FIGURE 4. Estimated impacts for Buenos Aires under an “Ambitious” GHG reduction strategy, including (A) projected annual GHG emissions, (B) estimated change in annual average PM2.5, and (C) estimated percent change in PM2.5-attributable premature deaths per year. Mortality estimates for the city of Buenos Aires are based on local data provided by the Statistical Agency of the city of Buenos Aires.




Reductions in PM2.5 Concentrations and Associated Mortality From the GHG Scenarios

As a result of the policy actions represented in Figure 4A (the “Ambitious” scenario), we see in Figure 4B that reductions in associated co-pollutants contribute to a corresponding reduction (relative to the projected BAU) in PM2.5 pollution. PM2.5 concentrations attributable to “in-city” emission sources in Buenos Aires are estimated to decrease under the “Ambitious” scenarios by 1.2 μg/m3 (10% from projected baseline concentrations) in 2023, 2.4 μg/m3 (21%) in 2030, and 4.4 μg/m3 (36%) in 2050. These results show that in Buenos Aires there are significant levers within local control to substantially reduce PM2.5 through the city's “Ambitious” scenario options, but also that these levers are mostly within just two sectors (grid electricity and on-road transportation). Not surprisingly, as shown in Figure 4C, the reduction in PM2.5 also results in a reduction of attributable premature mortality (relative to the BAU), which is driven by the same emissions reductions in grid electricity and the on-road transportation sector.

Figure 5 provides another view of the projected change in PM2.5 under the “Ambitious” scenario. In this figure, the future projections of ambient concentrations are shown two ways for 2023, 2030, and 2050. The first column shows changes in the BAU scenario due to projected demographic and economic factors, as well as projected changes in the significant fraction of ambient PM2.5 that is not modeled (shown in gray), representing pollution that is transported from outside the city. The second set of columns show how sectoral reductions in the modeled portion of PM2.5 can result in significantly lower levels of ambient pollution (red dotted lines) relative to the BAU projections. Again, this figure shows that by fully implementing its “Ambitious” climate change mitigation scenario, Buenos Aires can improve AQ enough to meet the 2005 WHO ambient air quality guideline PM2.5 of 10 μg/m3 (interim target 4 in the 2021 guideline revision) by 2030, though not the revised guideline of 5 μg/m3. Annual average PM2.5 concentrations are projected—under BAU growth assumptions—to remain relatively steady overall, but with a significant shift by 2050 from regional/global contributions to a greater share of local contribution, which can be addressed through municipal policy action (lowering projected concentrations from 12.1 μg/m3 down to 7.6).


[image: Figure 5]
FIGURE 5. Changes in annual average PM2.5 concentrations in Buenos Aires for the three time horizons (2023, 2030, and 2050), comparing the BAU scenario with the “Ambitious” scenario. Peach-colored bars show how BAU concentrations are projected to change between periods based on global modeling (lower in 2023 and 2030, but rising by 2050). The Pathways-AQ model only captures 4 μg/m3 of the estimated 12 μg/m3 total concentration drawn from the Global Burden of Diseases (GBD) PM2.5 concentrations, matched to the city boundaries and population weighted for the base year of 2015, as the model includes only contributions from sources within the city (and none of the “outside city” contributions). The Pathways-AQ model also does not capture all emission sources in a city, such as natural sources, dust from the construction sector, emissions from barbecue grills, certain commercial processes, some forms of residential fuel use, and can often miss important sources of biomass incineration and burning (e.g., see lessons learned).




Prioritization of AQ, Climate, and Health Benefits

Figure 6 shows how Buenos Aires's climate benefits compare to the PM2.5-related health co-benefits for each GHG emission mitigation measure, allowing decision-makers to align climate action planning with municipal health and air quality priorities. Supplementary Table 6 provides additional detail on the specific measures that were assessed for Buenos Aires and are shown in Figure 6. The largest reductions in emissions of PM2.5 and precursor pollutants for 2050 are estimated to come from reducing emissions from the power grid, reducing the percentage of vehicles using gasoline and diesel oil, and increasing the percentage of vehicles using cleaner transportation fuels (i.e., 25% of the total passenger vehicle fleet using electricity, 15% using compressed natural gas). These same measures would also yield the greatest GHG reduction benefits, warranting stronger action than might be justified by either objective independently. Supplementary Figures 5, 6 show the contribution of these individual measures to PM2.5 reductions and averted premature mortality. Note that, in the case of industrial fuel-switching to biomass without proper end-of-pipe controls, an increase in associated premature mortality would be expected.
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FIGURE 6. Estimated impacts of the Buenos Aires “Ambitious” Scenario on annual average PM2.5 concentration and the annual number of PM2.5-attributable premature deaths for 2050.


We integrated GHG and AQ planning in the six cities using the approach illustrated above through C40's CAP program (Figure 7). Results indicate that there are substantial local and immediate AQ-related health benefits to be gained by aggressive implementation of urban CAPs. However, results range widely across cities. For example, implementing the “Ambitious” scenario yielded between 59% (Lima) and 91% (Buenos Aires) reductions in CO2e and between 1% (Johannesburg) and 72% (Buenos Aires) reductions in PM2.5 by 2050. The emissions reductions led to an estimated 230 (Buenos Aires)—1,040 (Addis Ababa) premature deaths avoided each year by 2050 relative to a “BAU” scenario across the cities. These results suggest that individual city action planning does not lend itself to generalization; that conclusion is supported by Tessum et al. (2022).


[image: Figure 7]
FIGURE 7. City-specific estimated reductions in GHG emissions (CO2e), annual average PM2.5, and PM2.5-attributable mortality, for a given city's “Ambitious” climate action scenario.





DISCUSSION

The collaborative development and application of the Pathways-AQ framework by academics working with C40 and city partners in six cities provided proof-of-concept of the utility for complementing municipal climate action planning processes with quantitative information about air quality and health benefits. The updated Pathways-AQ framework represents an advance over the original Pathways framework; however, neither this tool, nor the original Pathways tool, explicitly addresses or estimates the economic costs of action. While cost is a critical consideration for city officials in prioritizing and justifying action, city-level costs vary so widely that it is difficult to develop a scoping-level and globally-applicable tool that provides meaningful cost assessments for typical air quality abatement options. Rather, municipal officials can use Pathways-AQ to identify the most impactful climate and air quality control strategies and then use external resources to create a more detailed cost assessment.


Lessons Learned for Municipal-Scale Planning

Here, we describe valuable lessons learned for replicating and scaling this process across other C40 cities and other cities around the world; namely, the importance of considering geographical scale, data integration (across both GHG and air pollutant emissions), local engagement, and engagement with health departments.


Decisions on Geographical Scale/Boundary Is Critical to Analysis Outcomes

Considering both “in-city” emissions and nearby “out-of-city” contributions to urban air pollution is essential, given that most major metropolitan areas produce only a fraction of the PM2.5 to which residents are exposed (Tessum et al., 2022); however, the “local” contribution can vary considerably, depending on the distribution of power plants, industrial sources, commercial sources, land use, land-types and other factors (Thunis et al., 2021). As the examples below demonstrate, striking the right balance at the city level can be challenging due to the variation in scales of data available, as well as the scale of other available analyses or reports, which do not always use the city limits as their boundary for data collection or analysis (e.g., airsheds, vehicle trip data in metro regions).

These findings point to the need for both local and regional coordination for AQ management and improvement. Whereas, individual cities can investigate and potentially reduce their share of GHG emissions, to make significant AQ improvements, both city- and regional-scale action is needed. GHG planning and action takes place in a global airshed. AQ work takes place primarily in a metro or regional airshed. Some GHG reduction strategies (e.g., transportation system improvements) rely on regional action, but urban CAPs do not tend to focus on those strategies. Focusing on AQ can emphasize the benefits of regional coordination. Thus, it is critical to select analysis boundaries and design action plans that are fit-for-purpose and strike an appropriate balance between local action (to reduce direct emissions) vs. engagement around regional emission reduction planning (including a focus on “leading by example”), as described in the Johannesburg example below.


Metropolitan Area of Guadalajara

For Guadalajara, C40's CAP process and CAP-AQ analysis were carried out at a larger metropolitan scale. This larger scale enabled a comprehensive understanding of the majority of sources contributing to local emissions; but also made it difficult to compare metropolitan-level findings with city-scale statistics and studies. For instance, it was difficult to precisely estimate wood fuel consumption levels, as rural and urban areas within the metropolitan area use different amounts of wood fuel per capita. Some of the studies conducted within a larger area (at the state level) indicated a higher amount of wood fuel used (Tatem, 2017; López-Murillo, 2019), as compared to consumption estimates from an integrated inventory that was created for the metropolitan region. Similarly, most of the studies related to brick factories (ladrilleras, which are widely-recognized as a large contributor to local air pollution) were conducted at the state level, and it was difficult to align the state-level data with the metropolitan-level integrated inventory.



Accra

In contrast, C40's CAP process and CAP-AQ analysis in Accra and most other cities were carried out using the city limits as the analysis boundary (i.e., the jurisdiction of the Accra Metropolitan Assembly). The current local air quality management plan, however, was developed for the larger Greater Accra Metropolitan Area (GAMA), of which Accra Metropolitan Assembly is a part. This focus on GAMA is consistent with a number of other air quality studies that have been carried out for the region. The CAP-AQ analysis for Accra showed large non-modeled PM2.5 concentrations for both the base year and future time horizons in the “BAU” scenario, when compared with the portion of concentrations that was modeled in Pathways-AQ. This larger non-modeled portion represents sectors not included in the city's GHG inventory (for example, smaller industrial sources of emissions within the city's boundary that have not been accounted for), sources located outside the city that influence city air quality (such as the large-scale industrial activity taking place in nearby Tema, outside the city's boundaries but within GAMA), and regional “natural” sources such as dust. While the boundary definition decision is made by city staff, choosing a smaller geographical area usually results in a smaller fraction of fine particle mass that is modeled and makes it challenging to track all activity that contributes to air pollution in the analysis.



Johannesburg

The analysis for the City of Johannesburg shows that, while grid decarbonization will be very effective at reducing the city's carbon emissions (scope 2 emissions), it may have modest benefits for reducing PM2.5 within the city (though importantly it has benefits for regional air quality). This is because the grid electricity air pollution reductions modeled using Pathways-AQ only account for the reductions in associated pollutants (from power generation) that affect the city's PM2.5 within its boundaries. There will be benefits from wider regional PM2.5 reductions, associated with grid electricity pollution reductions, but those are not quantified through this process. The majority of the city's electricity is generated at coal-fired power stations outside of the city's municipal boundaries, as is the case in Accra as well. Approximately half of Johannesburg's PM2.5 air pollution originates outside the city boundaries (Tessum et al., 2022). Working at the airshed level will therefore create new opportunities for coordinated climate change mitigation and air quality management. By facilitating joint data collection and peer learning, a multi-city approach to air quality management can also strengthen the capacity of adjacent cities to identify air pollution sources and improve current mitigation actions. The analysis in Johannesburg revealed that strong regional action is needed to improve air quality for the entire region.




Data Integration Is Needed Across Climate Action and Air Quality Management Processes

Globally applicable, pre-populated tools (such as those employed here) address a problem that is all too common in low- and middle-income contexts: a general “lack of data.” Local officials may be hesitant to use pre-populated tools and to publicize results that are based on global datasets in the absence of their own (i.e., locally-derived) quality-assured emissions data. Early integration of GHG and AQ inventory work, before and during the process of local validation, can avoid errors, increase buy-in, and benefit work on both climate change mitigation and AQ management; while decreasing staff time required.

AQ-oriented analysis of city-scale GHG emission inventories can reveal under- or over-estimation of sectoral activity (fuel use) that may have gone unnoticed in the GHG inventory creation process. Applying AQ emission factors to GHG inventory-derived fuel use, and then comparing the result to other sources of data (e.g., AQ observations, satellite data or local-level activity data) can reveal areas of misalignment. Some sources are not as relevant for GHG emissions as they are for AQ emissions (e.g., brake and tire wear from vehicles, or the specific type of stove used for cooking with solid fuels). Also, some sectors are more relevant for AQ and may not have been considered in a GHG inventory (e.g., biogenic emission sources of VOC or the industrial sources in the Guadalajara example below). GHG inventory development often tends to use empirical consumption/production level activity data (e.g., barrels of oil, tons of coal). This metric often differs from that used in AQ inventory development, which typically favors bottom-up activity modeling (e.g., No. of persons traveling × distance per day per vehicle mode × fuel efficiency by mode or # of coal stoves × hours/day of stove use × stove efficiency) and can result in higher accuracy.

An integrated inventory needs to account for these mismatches. The proper methods for alignment depend in part on what types of starting inventories are available. For example, GPC-compliant inventories require significant review and re-categorization of some activity data (e.g., See charcoal rotisseries in the Lima example below or residential and industrial fuel wood in the Addis Ababa example) to enable alignment within Pathways-AQ scenario modeling. These steps to compare GHG inventories against AQ inventories, modeling and observations not only evaluate and ground-truth the GHG inventories in a way that is not possible using standard methodologies alone, but also can improve GHG tracking of mitigation progress using AQ data as one indicator of common sources of emissions.


Addis Ababa

Use of both GPC activity data and external air quality-related studies revealed data inconsistencies in Addis Ababa's fuelwood use. After reviewing literature and various city documents in Addis Ababa, as well as the city's GHG emissions data, C40 and city staff discovered some inconsistencies in the baseline fuelwood use estimates. When C40 converted fuelwood activity data from Addis Ababa's GPC inventory into PM2.5, using Pathways-AQ, it became apparent that wood use had been overestimated due to methodological errors in Addis' GPC inventory. Residential fuelwood use in Addis Ababa's GPC inventory equated to primary energy consumption that was 14 times higher than primary energy consumed in the form of electricity. When used to calculate air pollution concentrations in Pathways-AQ, the amount of residential fuelwood used in the base year (2016), as represented in the GPC inventory, alone produced a PM2.5 concentration of >40 μg/m3, which was more than the total measured average concentration in the city (33 μg/m3). Asfaw and Demissie (2012) estimated that the energy content in residential fuelwood use was five times higher than that in electricity used by households. In this study, estimated electricity use was similar to that in Addis Ababa's GPC inventory. Based on these findings, residential fuelwood use was scaled down, in the Pathways AQ model, so that its energy content was five times higher than the energy content of electricity use in the GPC inventory, matching the Asfaw and Demissie (2012) study. In Addis Ababa's GPC inventory, fuelwood use in the commercial and industrial sectors were calculated from residential fuelwood use. As a result, these activity data were also scaled down in accordance with the scaling done for residential fuelwood use.



Guadalajara

In Guadalajara, use of an integrated GHG and air pollutant inventory, alongside the city's GPC inventory, allowed C40 and city staff to discover specific sources of air pollution that had not previously been accounted for in the climate action planning process. An integrated GHG and air pollutant inventory was developed for the Metropolitan Region of Guadalajara by the World Resources Institute (WRI) along with the Metropolitan Institute of Planning of the Metropolitan Area of Guadalajara (IMEPLAN). It was used during the CAP-AQ analysis for comparative purposes. Smaller industrial and residential sources, such as solvents or handling and distribution of LPG, which taken individually did not account for much of the emissions, were together found to have a significant influence on air quality. However, as they were not included in the city's 2016 GPC inventory, they were not included in the Pathways-AQ modeling and therefore, not accounted for in the CAP-AQ analysis; instead, they were presented as non-modeled sources of emission.



Lima

When C40 staff reviewed the Province of Lima's 2019 Air Quality Diagnosis Report, they found that important source of PM2.5, accounting for 16% of total concentrations in the city, had not been included in Lima's GPC inventory: charcoal combustion in commercial rotisseries. The addition of this sector to Pathways-AQ resulted in an additional 1.1 μg/m3 in modeled city-wide annual average ambient PM2.5. Other industrial sources were not reflected in the GPC inventory, including zinc and copper refineries, cement production, fish flour and oil refineries. Together, these sources accounted for an additional 14.1 μg/m3 of ambient PM2.5 in the city, which was not initially reflected when using the GPC inventory alone. There is a possible risk of double counting if some of the emissions from the Diagnosis Report were included in other categories of fuel combustion in the GPC inventory. Careful review of all local data is needed.




Local Engagement Is Critical for Reliable Local Emissions Estimates

It is critical to clearly define a process for achieving multi-level (local, national, regional, etc.) and multi-sector (environment, transport, industry, etc.) engagement at the beginning of the process. With systematic cross-level and cross-sectoral engagement, cities can establish a shared understanding of the multiple benefits of integration; agree on data inputs and tools; design processes for policy prioritization; and avoid the tendency to see some benefit categories as competing with others. The role of C40—with engaged “on the ground” staff in/near local offices—was critical in bridging the gap between development of modeling tools and real-world application of the tools in a format that is useful and understandable to non-technical municipal staff charged with developing and justifying municipal plans.


Johannesburg

After preliminary Pathways-AQ analysis, C40 identified several important air pollution emission sources that had not been well-represented in Johannesburg's GHG inventory. These sources included residential solid fuel combustion, waste burning, and mine tailings (a source of local dust). The city highlighted that open waste burning is an important source that needs to be considered from the AQ perspective. This was not included in the city's GPC inventory and, as such, data had to be collected from the city to include in the analysis. This data was difficult to come by, as informal activities are seldom tracked, but the city was able to provide valuable information that served as a basis for estimation. After focusing on the sources that seemed to be underrepresented or missing in the GHG inventory, C40 updated/improved the estimates through a combination of literature searches and meetings with city and regional officials, as well as research institutions. As a result of these meetings, for example, the quantity of waste in the city was updated using census data for 2011 and Community Survey data for 2016 on population and refuse disposal statistics, which were obtained from Statistics SA. The CAP-AQ discussions had the benefit of helping Johannesburg identify collaborators within the city and assign ownership to related CAP actions. This collaboration is helpful in cases of budget limitation, as the planned actions are now owned by various departments and form part of their respective business plans.



Guadalajara

In the Metropolitan Region of Guadalajara, brick kilns (ladrilleras) are widespread. As the process is artisanal and informal, emissions from this sector are not well-accounted for in the GPC inventory but are likely to have a negative impact on air quality because of their ubiquity and their use of biomass, wood fuel, waste oils, textiles, tires, and plastics fuels. Some local studies have been carried out, but data is scarce. The development of an integrated inventory by WRI and IMEPLAN enabled C40 to consider these air pollution sources in the CAP-AQ analysis even though they were not well-represented in the city's GPC inventory. C40's analysis raised the visibility of this issue and underscored the necessity of specific, accurate local data. In total, only 27% of the total PM10 and 32% of the total PM2.5 were included in Pathways-AQ based on the GPC inventory alone, if considering all the sources that were excluded from the GPC inventory but were included in the integrated inventory.

To identify air pollution sources that were not accounted for in the region's GPC inventory, C40 convened meetings with technical staff from IMEPLAN, the local metropolitan agency that spearheaded the creation of the CAP. C40 also met with other agencies and organizations working on air quality in the region, including WRI, which developed the integrated air quality and greenhouse gas emissions inventory. Notably, state-level air quality officials were also invited to attend these meetings, providing context for air quality work happening at the state level with their program, Jalisco Respira. Through these meetings, C40 staff were able to learn more about the related work being done by IMEPLAN and SEMADET [Secretaría de Medio Ambiente y Desarrollo Territorial (SEMADET), 2020], as well as their motivations and interests for integrating air quality into their CAP. They also provided helpful feedback on data queries, improving the Pathways-AQ analysis that would eventually be considered for integration into a second version of the CAP.



Accra

It is challenging to find and access data for the Accra Metropolitan Assembly area due to a complicated reporting structure between municipal and national levels of government. Data are collected by national level authorities, like the EPA, by law, and there is currently no intermediate or local level data collection. As such, national level approval is required for the sharing and use of reliable local data even though the EPA has been collecting and analyzing data since 2005.




Sensitivity Around Health Data Argues for Engagement With Health Departments

It is often challenging to acquire local health data, and in many cases, proxy data were needed for these analyses. While local health data are generally lacking, requesting a specific format upfront (e.g., ICD-10 codes), may yield success where such data are available. Engaging with and improving communication with public health staff throughout the process strengthens ties between different government departments and builds the infrastructure for deeper collaboration on climate change, air quality and health work moving forward.

The overall lack of local health data further complicates analysis because municipalities without experience in risk communication and public health awareness can have initial hesitancy to share air pollution-related health impacts publicly without a plan to address those impacts or to increase access to healthcare. Examples below highlight that local officials can be sensitive to releasing health information to the public in cases where the environment department does not feel comfortable releasing health information without buy-in from health colleagues or where using national level data and local data may give very different results.

Additionally, our approach excludes non-PM2.5 health co-benefits, including those related to NO2, which is associated with, e.g., pediatric asthma incidence (Khreis et al., 2017; Achakulwisut et al., 2019); ozone, which is associated with, e.g., respiratory disease (GBD 2019 Risk Factor Collaborators, 2020); physical activity; noise; and access to green space. Many GHG-reduction strategies would create multiple non-PM2.5 health benefits; our omission of those co-benefits results in us under-estimating the true health benefits. In addition, we were not able to incorporate the health benefits from reduced CO2. CO2 impacts health through a variety of pathways, including heat exposure, extreme weather events, wildfire smoke, dust storms, ozone pollution, aeroallergens, water- and vector-borne disease, and nutritional effects, among others (Smith et al., 2014; Romanello et al., 2021). While some studies have quantified health damages from CO2 emissions for a particular country or region (e.g., Hutton and Menne, 2014; Rohat et al., 2018; Martinich and Crimmins, 2019) or through a particular exposure pathway (e.g., Silva et al., 2013; Cromar et al., 2022), currently no robust approach exists for estimating the overall global health damages of each ton of CO2 emissions (Scovronick et al., 2019; Cromar et al., 2021). A small number of articles look at local impacts from local GHG concentrations, e.g., Jacobson (2010) and Jacobson et al. (2019).


Johannesburg

City staff were skeptical about allowing mortality projections from Pathways-AQ to be seen by higher authorities. They preferred to have the mortality projections presented as percentages and not in absolute numbers. The city required specific statements in the analysis to indicate that estimated percentages were projections from the Pathways-AQ scoping level tool. This reflects local government trepidation to mention health implications of air pollution–either current conditions or future projections–and presents an opportunity to create stronger relationships with local health ministries to ensure buy-in around air pollution and health analyses.



Buenos Aires

Concerns regarding the sharing of health results emerged from the environment department rather than the health department. Part of the sensitivity around health results emerged because national-level health data were more readily available than city-level health data, and thus were used in initial iterations of Pathways-AQ analyses for the city. Results based on national-level data were seen as a potentially inaccurate representation of real-world conditions within the city. After further collaboration with city staff, C40 accessed and analyzed local health data, collected at the city level. This data was used in place of the original national-level mortality data, and the subsequent analysis provided the opportunity to verify that local disease rates and underlying health factors within a city can differ significantly from national averages. Getting access to local health data is a particularly valuable step in the CAP-AQ integration process, because it both strengthens health estimates and builds confidence within city staff about using CAP-AQ health findings.






CONCLUSION

Our new integrated climate, AQ, and health framework and Pathways-AQ tool represent an advance beyond the present common approach–wherein urban climate action planning and AQ planning are largely separated. Integrating climate action planning, AQ management planning, and health considerations can save city staff time, increase stakeholder and municipal government buy-in, result in better data coordination and cohesiveness, and—most importantly—reveal the emission reduction strategies that have the greatest potential to benefit climate action, air quality, and public health.

The approach described here has limitations. First, our approach does not include non-PM2.5 health co-benefits (see Section Sensitivity Around Health Data Argues for Engagement With Health Departments for Specific Examples). Future efforts could usefully address these gaps to provide a more comprehensive accounting of the societal benefits of implementing CAPs. Second, our method provides only steady-state annual-average PM2.5 concentrations and linearized relationships between PM2.5 precursors and PM2.5 concentrations. Addressing this aspect (i.e., accounting for non-linearities in atmospheric chemistry) would require computational resources beyond what was available to this project. We specifically designed Pathways-AQ to be a screening-level tool; it can be used to narrow the policies and mitigation pathways that are analyzed in greater depth using tools that incorporate full chemistry and transport. Third, results are dependent on robust information about emissions. However, those inputs are often highly uncertain at the city scale.

Unique aspects of the new Pathways-AQ model include that it is specifically designed for city-scale use; it integrates climate change, AQ, and health considerations and provides quantitative findings; and it does not require much technical expertise to operate. Several other AQ and climate mitigation decision-support tools are available (e.g., Urban LEAP-IBC, BenMAP, AirQ+, GAINS-City, etc.), but were developed for different policy contexts or require more technical expertise, computational time, and/or data to operate (Anenberg et al., 2016). The new tool employed here fills a key gap, especially for cities that may wish to integrate their climate and AQ planning but lack substantial resources for full-scale modeling of emissions, concentrations, and health impacts (though confidence in the outputs is strongly associated with the robustness of the input data).

Pathways-AQ is currently available for immediate use in ~40 C40 cities. The potential for scaling up to more cities depends on the global availability of detailed municipal-scale activity datasets to complement IIASA's global dataset of emission factors, InMAP's global computationally efficient development of PM2.5 sensitivities, and high spatial resolution exposure estimates. Two barriers to scaling this work are (1) the ability to develop or find existing accurate, local inventory data, and (2) the need for municipal officials to have the time and resources available to apply these tools to their climate and air pollution challenges, including the significant data validation and verification processes required to produce meaningful results.

This work demonstrates the benefits and challenges of integrating quantitative air quality and health findings into city-level climate action planning, within the framework of a partnership between academic researchers, city officials, and a boundary organization spanning research and policy. We hope this effort serves as a model for future integration of air quality management and climate action planning, to guide and maximize the efficacy of emission reductions within cities, nationally, and internationally.
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