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Executive Summary

Background
This deep dive report details sector level analyses that were conducted to generate estimates of 
economic damages from climate change to Malawi, considering 11 impact channels (that is, a 
pathway through which a change in climate conditions and/or climate adaptation actions will affect 
an economic sector or factor) that will inform macroeconomic shocks to the country’s economy. These 
impact pathways include labor productivity (from heat stress and human health), land management 
(carbon storage and erosion), energy-water-agriculture (through hydropower, water, crops, and 
livestock), and infrastructure (inland and urban flooding, and roads and bridges). 

The objectives of this analysis were to: (1) select a representative set of climate scenarios that will 
be used to assess the macroeconomic effects of climate change; (2) conduct deep dive analyses 
focused on the agriculture, water, energy, and infrastructure sectors; (3) evaluate the impacts of land 
management investments on these sectors; and (4) develop macroeconomic shocks arising from 
multiple impact channels under climate change, to be input into the MFMod macro structural model. 
Details on how the outputs were integrated into MFMod are provided in the CCDR report.

Impact Channels and Adaptation Actions Modeled

Channel of impact Description Adaptation

Labor productivity

Heat stress Shock to sectoral labor productivity due 
to shocks from heat stress, estimated 
from temperature and humidity. Considers 
sector-specific work ability curves from 
heat stress. 

Not considered

Human health Shock to total labor productivity from 
increased morbidity of vector-borne and 
temperature-related diseases. 

Not considered

Land management

Carbon storage Change in total terrestrial carbon storage. 
Considers changes in vegetation type and 
degradation due to population pressure 
on natural resources, and the benefits 
of investing in restoration, conservation 
agriculture, agroforestry, etc.

Landscape restoration

Erosion and 
sedimentation

Impacts of landscape degradation on 
erosion in croplands and on sedimentation 
to major reservoirs.

Landscape restoration

Energy, water, and agriculture

Hydropower Impacts on energy generation resulting 
from changes in river runoff.

Investments in transmission 
and resilient hydropower 
plants

Irrigated and Rain 
Fed Crops

Shock to crop revenues. Based on yield 
responses to water availability, erosion, 
and heat tolerance.

Irrigation efficiency, switch to 
climate resilient crops
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Channel of impact Description Adaptation

Livestock yields Shock to livestock revenues. Based on 
availability of feed from pastures and heat 
stress impacts on livestock productivity. 

Investment in alternative 
feed sources

Water supply and 
sanitation

Shock to labor supply and productivity and 
health care expenditures.

Not applicable

Infrastructure

Inland flooding Capital damages from precipitation 
changes, considering floodplains, design 
flood events, and spatial distribution of 
capital. Building on outputs from land 
management model.

Landscape restoration and 
flood-resilient infrastructure

Urban flooding Shock to capital stock and land from 
changes in the recurrence of flood events. 
Considers built-up capital, agricultural 
capital, and agricultural land. 

Improved infrastructure 
to withstand higher flood 
depths

Roads and bridges Shock to capital stock due to temperature, 
precipitation, and flooding effects across 
paved, gravel, and dirt roads. 

Investment in climate-proof 
infrastructure

Climate and Policy Scenarios
Following the World Bank guidance from February 3, 2022, titled Global scenarios for CCDR analyses, 
five climate change scenarios were selected that achieve two purposes. First, to allow for comparisons 
across emissions scenarios. Second, to select scenarios that capture the broadest range of climate 
change effects across general circulation models (GCMs), to assess the vulnerability of the economy 
and the performance of adaptation options under possible wet, dry, and hot GCM outcomes. Shocks 
were then modeled for the 30-year period from 2021 to 2050, for each of the 5 climate projections 
selected:

Dry SSP-119. “Dry” scenario that is 10th percentile of mean precipitation change across SSP1-1.9 
GCMs

Wet SSP-119. “Wet” scenario that is 90th percentile of mean precipitation change across SSP1-1.9 
GCMs

Dry SSP-370. “Dry” scenario that is 10th percentile of mean precipitation change across SSP3-7.0 
GCMs

Wet SSP-370. “Wet” scenario that is 90th percentile of mean precipitation change across SSP3-7.0 
GCMs

Hot SSP-370. “Hot” scenario that is 90th percentile of mean temperature change across SSP3-7.0 
GCMs

The policy scenarios considered in the study are: (i) Business-as-Usual (BAU), which assumes that 
the sectoral structure and overall growth patterns of Malawi’s economy will remain constant; and 
(ii) an aspirational growth scenario (ASP). Then, climate resilient assumptions are included on top 
of the mentioned scenarios to consider a (iii) business-as-usual scenario with adaptation (BAU with 
adaptation), and (iv) aspirational growth with adaptation (RES). For each climate projection and impact 
channel, the two last adaptation scenarios represent a proactive approach for all future investments - 
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for example, capital and operation investments in the future are developed considering future climate 
conditions, with existing infrastructure remaining as-is until it needs to be replaced or rehabilitated. 

Summary Results by Impact Channel
Labor Productivity

Impacts of climate change on labor productivity were considered both directly through temperature 
increases at the workplace, and indirectly through increased sickness. Labor productivity shocks were 
calculated for each of the MFMod sectors: agriculture, industry, and services. Given the dependence 
on outdoor labor, the agricultural sector shows the largest impacts, followed by industry, then services. 
In 2050, under the hot SSP370 scenarios, impacts of heat stress on labor productivity are as high as 
12 percent, 9 percent, and 2 percent in the three sectors, respectively.

In addition to direct labor productivity lost due to temperature increases at the workplace, indirect 
impacts on labor productivity through increased sickness due to climate change were calculated 
based on estimates of increased morbidity for vector-borne diseases (malaria, dengue), diarrhea, 
and respiratory and cardiovascular heat-related diseases. Results of increased sickness and lost 
productivity range from less than 1 percent impact by 2050 in the wet SSP119 scenario to just under 
3 percent in the hot SSP370 scenario.

Land Management

The focus of this impact channel was the effects of population growth and land management on 
ecosystem services that support agriculture, flood mitigation, and carbon storage. Land condition 
(for example, good, fair, poor) was modeled as a function of demand on the resources from nearby 
population (which acts to worsen vegetation health), as well as investments in integrated landscape 
management (which act to improve it). Population pressures and resulting land condition were 
modeled under a Business-as-Usual future. On top of that, different land management policy scenarios 
were modeled that result in an improvement in landscape condition, thereby mitigating some of the 
negative effects of population growth and climate change. Vegetation condition is then used to predict 
fluxes in land-based carbon storage and in erosion and sedimentation for each policy and climate 
scenario. The outputs are used as inputs into other impact channels, specifically irrigated and rain fed 
crops and inland flooding.

Schematic of impact flow from population pressure and landscape management to landscape 
conditions that impact ecosystem services, to the sectoral impacts modeled.

-
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In the land management modeling, the BAU scenario is characterized by a lack of policy enforcement, 
projected rural population growth of nearly 2.5 percent per year, and relatively small budgets allocated 
for implementation of integrated land management (ILM) activities. The BAU with adaptation scenario 
assumes that the Malawi government successfully implements the measures outlined in its Updated 
Nationally Determined Contribution of 2021, which include forest management and protection, and 
riparian restoration. The ASP scenario assumes that the Malawi government successfully implements 
its Bonn Challenge commitment to restore 4.5M ha of degraded land, including doubling the size 
of its investment in the MWASIP project, and to limit charcoal production and promote the adoption 
of clean cookstoves under the National Charcoal Strategy and the Clean Cooking Initiative. The RES 
scenario assumes an accelerated investment in clean cooking, reducing demand for fuelwood from 
the landscape by 45 percent. In addition, it assumes that land restoration efforts are better targeted to 
ensure they are robust to changing climate conditions. 

The combination of minimizing population pressure on natural resources and implementation of 
policies and programs to support integrated landscape management results in a 90 percent decrease 
in the extent of land in degrading condition by 2050: 262,000 ha in the RES scenario compared to 
2.4M ha under BAU.

The BAU scenario results in a loss of carbon stocks that represents foregone revenue of US$9.6M per 
year (US$287M by 2050), while the ASP scenario results in potential of US$36.7M per year ($1.1B 
by 2050) and the RES scenario shows potential revenue of US$49.5M per year (US$1.5B by 2050).

Further, climate change linked with land degradation in the BAU scenario can result in increased 
soil losses of up to 9 tons/ha/yr in croplands. However, improved land management can offset and 
further reduce erosion losses by 12 to 19 tons/ha/yr, and can reduce sedimentation in reservoirs by 
over 50 percent, as compared to BAU. 

Energy, Water, and Agriculture
An existing hydro-economic modeling framework (CLIBASIN) was applied to estimate the impact 
of climate change on: (i) hydropower from changing streamflows and water use in the Zambezi 
River catchment; (ii) irrigation and rain fed crop revenues from changes in water availability and 
temperature; (iii) livestock revenues from changes in water availability and temperature; and (iv) 
impacts in water supply and sanitation. The WHAT-IF component of the modeling framework is a  
hydro-economic decision support tool for water infrastructure investment planning, that links in a 
holistic framework a representation of the water, energy, and agriculture systems (see Payet-Burin 
et al. 2019). This framework, which was used to develop the Zambezi Strategic Plan, incorporates a 
detailed hydrological and economic representation of the country, along with planned investments in 
the water, energy, and agricultural sectors from national investment strategy documents. 

Hydropower

For hydropower, the resulting output corresponds to country-scale annual impacts on hydropower 
production (GWh/year) and shocks calculated as annual changes relative to a baseline (1995 to 
2020). Under the BAU, hydropower generation is quite resilient to climate change since existing 
hydropower plants benefit from the regulation effect of Lake Malawi. Because of the slow demand 
increase, the Mpatamanga hydropower plant is found to increase generation capacity above electricity 
demand, but since the scenario considers limited transmission lines capacity to Mozambique, the full 
potential of Mpatamanga cannot be used, and therefore the climate impacts are softened in the BAU 
scenario. In the 2040s, generation shocks range between -3 and 1 percent in the BAU scenario, while 
shocks in the 2040s are positive. However, given that in the BAU scenario the production capacity is 
larger than demand, the additional transmission capacity is mainly used to export additional power 
production. The Aspirational (ASP) scenario includes a twofold increase in power demand from 2025 
to 2040, which, combined with high irrigation development around Lake Malawi and downstream on 
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the Shire river, leads Mpatamanga hydropower to be sensitive to climate scenarios, with total Malawi 
hydropower production 6 percent lower under a dry climate in the ASP scenario. In the Resilience 
(RES) scenario, the replacement of the Songwe hydropower plant improves resilience by softening 
the negative shock under a dry climate to 1 percent. 

Irrigation and Rain Fed Crops

Under climate change, irrigated and rain fed yields were modeled based on how they are likely to 
be affected by changes in water availability, increasing evaporative demands, and extreme heat 
as temperatures rise. Yield losses are further scaled based on erosion and loss of soils, utilizing 
assumptions about a tolerable loss rate over time that varies by levels of inputs (high, intermediate, 
and low) as well as the susceptibility of soils to productivity loss. The resulting output corresponds to 
country-scale annual crop production (tons/year), production value (US$/year), and yields (ton/ha).

Overall, changes are positive, reflecting the benefits of increased irrigation. As seen from the BAU 
trend, there is a risk of inaction of up to 25 percent of crop revenues relative to a no climate change 
scenario. While this risk persists under the ASP scenario, greater irrigation development increases 
crop revenues 35 percent relative to BAU by 2050, and increases low-end scenario revenues to 
BAU levels. When considering adaptation in the Business-as-Usual with Adaptation (BAU+) and RES 
scenarios, crop values could increase up to 18 percent between 2021-2035 and 30 percent between 
2036-2050.

Livestock Yields

This analysis evaluates the effect of changing climate conditions on livestock productivity, considering 
the impacts that climate change may have on livestock yields through both increases in heat stress 
on animals from increased temperatures and reduced availability of feed due to reduced pasture 
productivity. For adaptation, two measures that follow climate-smart animal farming in Malawi were 
modeled, including: (1) the use of crop residues to supplement feed; and (2) investment in fodder 
banks. Both practices are already used in the region to a limited extent - we assume a wide-scale 
adoption of these as relatively low-cost actions to increase feed availability.

While impacts are lower in the near term, damages to the livestock sector could become much larger 
by late century. By 2050, the BAU and ASP scenarios show a reduction of between -3 percent and -10 
percent of revenues to the sector, as compared to between -1 percent and -6 percent in the scenarios 
that incorporate adaptation measures (BAU+ and RES).

Water Supply and Sanitation

Water-borne diseases negatively affect Malawi’s economy by reducing labor supply and productivity, 
reducing educational attainment, and increasing health care expenditures. Specifically, investments 
targeting WASH infrastructure can lead to reduced diarrhea cases, stunting levels, and related 
mortality. This study estimates the impact of development investments on the macroeconomy through 
changes to human capital, and savings in health care expenses. The approach considers two policy 
scenarios that explore the benefits of enhanced investment in addressing these challenges: (1) 
Business-as-Usual (BAU), where the current negative trend continues; and (2) an aspirational growth 
(ASP) scenario where investments in increased population coverage of water supply, sanitation, and 
hygiene (WASH) infrastructure reduce the incidence of stunting and water-borne diseases. 

Results are given in terms of the sum of the benefits of investments in WASH investments; these 
results were not routed through MFMod. Every US$1 of spending on WASH coverage yields 
approximately US$3 in benefits. Total benefits can reach US$600M and US$1,200M by 2050 under 
BAU and ASP respectively. Total annual net benefits (that is, benefits minus costs) under ASP are 
US$850M versus US$380M under BAU.
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Infrastructure
Inland Flooding

Climate change may exacerbate flooding by increasing the intensity and duration of storm events. 
This study considers potential for shocks to two types of capital, agricultural and built-up (that is, any 
hard piece of infrastructures such as roads, bridges, and buildings); as well as losses in agricultural 
productivity due to flooding. This analysis models the impact of projected changes in the return 
interval of precipitation events, along with land degradation and improvement output from the land 
management model, on runoff and flood peaks. Estimates of exposed assets in floodplains are used 
with standard damage functions to model damages to assets. Policy scenarios considered are the 
same as those applied in the land management impact channel, and the extensive land restoration 
modeled in the BAU+, ASP, and RES scenarios acts to improve soil conditions and infiltration capacity, 
leading to reduced runoff peaks. The resulting output corresponds to country-level expected share of 
assets damaged due to changes in flooding recurrence, relative to a historic baseline (1995 to 2020). 

By 2050, losses in all assets are expected to greatly increase due to higher recurrence of flooding 
events throughout Malawi. Under an optimistic scenario, total losses due to flooding in the country 
could increase by almost 15 percent by 2050, and almost 25 percent under a pessimistic climate 
scenario. Both adaptation (as shown in BAU+NDC and RES scenarios) and aspirational growth 
trajectories can reduce future losses by 50 percent and more by midcentury, even resulting in 
positive gains under an optimistic climate. While the benefits of land management take time to occur 
(that is, no benefits yet by 2025), these investments need to start now in order to see results by mid-
century.

Urban Flooding

The analysis is based on the largest cities in Malawi: Lilongwe and Blantyre. Flood hazard maps were 
developed to determine areas with a probability of flooding events under baseline and climate change 
conditions, in combination with projections of urban area growth extent. Results of flood hazard 
mapping produce the extent and depth of flood inundation, which are then used to estimate damages 
to infrastructure. Adaptation to urban flooding considers upgrading the standards of new infrastructure 
to resist the expected future extreme precipitation events, relative to current capital designed based 
on historic levels. 

For Lilongwe, and under the baseline scenario, the total flood damage ranges between US$56M to 
US$134M across the different return periods considered. Flood damages in the BAU scenario by 
2050 are nearly 4 times higher in Lilongwe, and adaptation can reduce damages by 49 percent 
relative to BAU. For Blantyre, the total flood damage ranges between US$280M to US$460M across 
the different return periods considered with the baseline scenario. The change from baseline to BAU 
in Blantyre is minimal, but results show a 40 percent decline in flood damages with adaptation. The 
climate effects on urban flooding are quite modest, with only a 4 percent and 2 percent increase in 
flood damage by 2050 in Lilongwe and Blantyre, respectively, under the pessimistic climate scenario, 
indicating more uncertainty in urban growth than in variability across climate models.

Roads and Bridges

This analysis applies the methodology from the World Bank report Enhancing the Climate Resilience of 
Africa’s Infrastructure (ECRAI) – Roads and Bridges (2017), and relies on the Infrastructure Planning 
Support System (IPSS), which is a detailed decision support tool that takes into account current and 
future climate, engineering standards, and repair and maintenance costs.1 This impact channel covers 
impacts from temperature, precipitation, and flooding stressors to paved, gravel, and unpaved roads, 
as well as bridges. The resulting outputs are country-scale annual impacts on total capital and repair 

1https://resilient-analytics.com/ipss
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costs for addressing climate change induced weather damages, and the resulting lost labor hours 
from delays and detours.

The BAU scenario assumes that no proactive, anticipatory measures are taken to protect the road 
and bridge network against the impacts of climate change. Under the proactive adaptation scenario, 
adaptation for roads and bridges consider climate-resilient repair and maintenance standards, as 
well as construction costs. Results show that under the BAU scenario, costs can increase between 
45 percent and 110 percent by mid-century for most climate scenarios. By the year 2100, 
spending could rise to above 200 percent. Adaptation measures can reduce these cost increases 
by midcentury to between 30 percent and 65 percent (in the BAU+ scenario) and to as little as 10 
percent to 30 percent (in the RES scenario). 
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1. Overview

The Malawi Climate Change Development Report (CCDR) provides an opportunity to better understand 
the benefits and costs of climate action and cross-sectoral policy priorities to manage climate risks 
effectively. This deep dive report details sectoral level analyses that were conducted in order to 
generate estimates of economic impacts for the Malawi CCDR. The modeled shocks include impacts 
on labor productivity (from heat stress and human health), land management (carbon storage and 
erosion), energy-water-agriculture (through hydropower, water, crops, and livestock), and infrastructure 
(inland and urban flooding, and roads and bridges). This section provides an overview of the project. 
Section 2 provides background information for the main sectors that are analyzed in this study. 
Section 3 provides a general overview of the technical approach and Section 4 details the methods 
and results for the impact channels covered in the study.

To inform the CCDR, climate projections were run through biophysical and economic models to assess 
Malawi’s vulnerability to climate change under multiple policy scenarios. These scenarios highlight 
how adaptation investments can enhance the country’s resilience. This deep dive provides an 
opportunity for better understanding the benefits and costs of climate action and cross-sectoral policy 
priorities in the land, water, and energy sectors to manage climate risks effectively.

The objectives of this analysis were to: (1) select a representative set of climate scenarios that will 
be used to assess the macroeconomic effects of climate change; (2) conduct deep dive analyses 
focused on the agriculture, water, energy, and infrastructure sectors; (3) evaluate the impacts of land 
management investments on these sectors; and (4) develop macroeconomic shocks arising from 
multiple “channels of impact” under climate change, to be input into the MFMod macro structural 
model. Details on how the outputs were integrated into MFMod are provided in the CCDR report.
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2. Background

As noted, this study aims to estimate economic damages from climate change to Malawi, to be used 
in the development of the CCDR. This chapter provides a brief background of the climate and socio-
economic context in Malawi. 

2.1 Climate Context
This climate context section provides a summary of the current climatic conditions in Malawi, observed 
trends in climate variables such as temperature and precipitation, and a high-level description of 
climate hazards affecting the country.

Current Climatic Conditions

As seen in Figure 1, the majority of Malawi has a tropical savannah climate. The other climate 
conditions in the country include a monsoon-influenced humid tropical climate, primarily on the west 
of the country and pockets of monsoon-influenced subtropical highland climate. 

Figure 1. Köppen-Geiger Climate Classification Map, 1991-2020 

 Tropical, savannah (Aw)
 Arid, steppe, hot (BSh)
 Temperate, dry winter, hot summer (Cwa)
 Temperate, dry winter, warm summer (Cwb)

Source: CCKP

Malawi’s cool tropical continental climate has two seasons, a dry season between May and October, 
and a rainy season between November and April. Monthly average temperatures during 1991 and 
2020 ranged between 18.5°C (July) and 25.5°C (November). Trends since 1960 show a consistent 
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increase in mean annual temperatures of approximately 0.9°C. While there are no clear precipitation 
trends in the country, overall, Malawi has experienced more weather extremes since 1960. Dry spells 
during the rainy season have increased, and the intensity, frequency, and scale of floods and droughts 
have also increased. There has also been an increase in the number of “hot” days (30°C plus days) 
and nights (41 plus days). Mean monthly rainfall in Malawi ranges between 2 (in September) and 238 
mm (in January) (World Bank 2021; USAID 2017).

Climate Hazards

Malawi experiences recurrent and prolonged droughts to increased rain variability and extremes. 
Increased drought conditions have reduced agricultural productivity, food security, and resulted in food 
shortages every two to three years. Droughts affect 1.5 million people each year on average (USAID 
2017; GFDRR 2019).

Malawi also experiences frequent flooding, particularly in the central and southern areas. Figure 2 
details flood-prone areas in Malawi. Malawi is exposed to urban and river flooding. Flooding affects 
100,000 people each year on average. Between 1990 and 2020, flooding affected between 1,300 
(1995) and about 992,000 people (2019) annually (GFDRR 2019; USAID 2017; World Bank 2021). 

Figure 2. Flood Prone Areas for 100-Year Event (left) and Flood Frequency Between 2000-2013 (right) 

Admin. Boundaries
 Countries
 Provinces
 Districts
 Water Bodies

Flood Recurrence
 Low
 Medium
 High

  

Source: GFDRR (left) and WFP (right)
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2.2 Socioeconomic Context
This section provides an overview of the socioeconomic context in Malawi, taking into consideration 
population, economic activity and labor, land cover, and agriculture.

Population, Economy, and Labor

Malawi has 19.1 million people, with most people (83 percent) living in rural areas. However, the 
country has a high urbanization growth rate of about 4.1 percent (2020). Malawi’s capital, Lilongwe 
has 34 percent of the country’s urban population (National Statistical Office 2019).

Malawi is a land-locked low-income country in Southern Africa, with a cool tropical continental climate. 
Malawi is considered highly vulnerable to climate change due to its high poverty levels, high levels of 
malnutrition and HIV/AIDS, dependency on rain-fed agriculture, and insufficient power supply  
(USAID 2017). 

The country’s gross domestic product (GDP) in 2020 was at about US$7.5 billion.2 In terms of per 
capita income (in PPP terms), Malawi belongs to the low-income category, with a per capita income of 
about US$400. Although GDP per capita has grown since 2017, Malawi experienced a decline in 2020 
(World Bank 2020b). Spatially, GDP generation is concentrated in the central and southern areas, 
particularly around large urban agglomerations (see Figure 3) (Kummu et al. 2018). 

Figure 3. GDP (in PPP terms) at a 1/60 Degree Resolution in 2015 

Source: Kummu et al. (2018)

The labor force participation rate in 2019 of the population aged 15 and over was 76 percent. 
Malawi’s male participation rate (80 percent) is higher than the female participation rate (73 percent). 
Agriculture has the largest share of employment (76 percent), followed by services (18 percent), and 
industry (5 percent) (ILO 2019).  

2Total GDP in constant 2015 value.
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Labor productivity can be negatively impacted by the prevalence of diseases that increase the time 
away from work. The incidence of vector-borne, as well as temperature-related, diseases may be 
affected by climate change. Malaria is endemic to Malawi and represents an important cause of 
morbidity and mortality (WHO, n.d.). 

Agriculture 

Agriculture represents a major economic sector in Malawi, contributing approximately 30 percent of 
the GDP (CIAT, World Bank 2018). However, the sector is constrained by diminishing soil fertility, small 
landholdings (average of 1.2 hectares per household), minimal use of sustainable land practices, and 
there is generally a limited use and adoption of improved inputs (USAID 2017). Agriculture in Malawi is 
largely rain fed. The percent of cropland equipped for irrigation was 2.4 percent in 2018. Malawi could 
expand irrigated croplands since 56 percent of potentially irrigable is equipped for irrigation (FAO 2021a).

Between 2015 and 2019, Malawi was a net importer of agricultural production, with wheat, tobacco, 
and maize representing the main imported crops (FAO 2021b). In terms of exports, the value between 
2015 and 2019 was largely concentrated in tobacco (72 percent), tea (11 percent), and groundnuts (4 
percent). Other agricultural exports included nuts, dry peas, and soybeans (FAO 2021b). The main food 
crops, in terms of harvested area, include maize, groundnuts, dry beans, and sweet potatoes. In terms 
of production value, these include cassava, sweet potatoes, and maize. Table 1 presents the top ten 
crops in the country in terms of hectares of harvested land, and production value between the years 
2015 and 2019. 

Table 1. Top Ten Crops in Terms of Harvested Area and Production Value

Rank Harvested area Production value

# Crop Share Crop Share

1 Maize 38% Cassava 24%

2 Groundnuts 9% Sweet potatoes 23%

3 Beans, dry 8% Maize 10%

4 Sweet potatoes 6% Potatoes 7%

5 Pigeon peas 6% Tropical fruits 5%

6 Cassava 5% Pigeon peas 4%

7 Soybeans 4% Sugar cane 4%

8 Sorghum 2% Tomatoes 4%

9 Cow peas, dry 2% Groundnuts 3%

10 Tobacco 2% Bananas 3%

Source: FAOSTAT, 2015-2019

Livestock production is an important part of Malawi’s economy as it accounts for approximately 37 
percent of agriculture’s contribution to GDP. Livestock production is particularly important in rural 
areas where about two in three households keep livestock for food and to generate income (USAID 
2019). Overall, pigs, goats, chickens, and cattle were the main animals in terms of production quantity 
and value from 2015 through 2019 (FAO 2021b). As Table 2 shows, most livestock revenues come 
from pig meat production (34 percent), followed by goat milk and meat production (25 percent), 
chicken eggs and meat (21 percent), cattle milk and meat production (18 percent), and sheep meat 
and milk (1 percent).
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Table 2.  Share of Livestock Products, 2015 - 2019

Livestock Product Share

Pig Meat 34%

Goat Meat 21%

Milk 4%

Chicken Meat 19%

Eggs 2%

Cattle Meat 16%

Milk 2%

Sheep Meat 1%

Milk 0%

Source: FAOSTAT, 2015-2019

2.3 Land Use and Management
Natural capital3 is the predominant form of wealth in Malawi, making up 52 percent of total wealth, 
double the share when compared to other low-income countries where the average share is 26 
percent (World Bank 2021). Since 2001, the condition of many of the country’s landscapes has 
been declining, driven in large part by high rates of population growth putting pressure on natural 
resources - particularly for the collection of fuelwood and other forest products, agriculture expansion, 
and livestock grazing (Figure 4). As a result, ongoing deforestation, soil loss, and the degradation 
of productive capacity in non-forested areas threatens the provision of many important ecosystem 
services (including water regulation, fuelwood and fodder, crop yields, forage for livestock, pollination, 
erosion control, flood mitigation, and carbon storage) that support livelihoods and economic growth in 
Malawi. 

The Malawian Government’s efforts to address the degradation have been anchored in the 2016 
Malawi National Forest Landscape Restoration Strategy (NFLRS) and the National Charcoal Strategy. 
The NFLRS estimates that about 80 percent of Malawi’s total land area, or 7.7 million ha of degraded 
land, requires restoration intervention. Efforts proposed under the NFLRS include: (i) climate smart 
agriculture technologies; (ii) community forests and woodlots; (iii) forest management; (iv) soil and 
water conservation; and (v) river and streambank management; however, implementation to date 
has generally been piecemeal and the strategy, while ambitious, is largely underfunded. While recent 
policy developments have also promoted the use of payments or grants for ecosystem services (PES) 
and community development (including, for example, the Malawi Watershed Services Improvement 
Project or MWASIP), implementation of the targeted 95,000 ha of land restoration is just beginning. 
The Clean Cooking Initiative aims to improve households’ access to improved cooking technologies, 
further reducing the pressures on land for fuelwood. To date, land management remains an area that 
needs significant improvement and scaled-up investment across the country.

3 Natural capital, as assessed in the World Bank’s Changing Wealth of Nations publication (World Bank 2021), comprises of croplands, 
pasturelands, timber, forest-based ecosystem services, protected areas, mangroves, fisheries, fossil fuel energy, and minerals.



20  | Malawi CCDR: Sectoral Impacts of Climate Change

Figure 4. Baseline (2020) Vegetation Cover and Condition

Source: this study.
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3. Methodological Overview

As noted, this study aims to estimate economic damages from climate change to Malawi, considering 
11 impact channels (that is, a pathway through which a change in climate conditions and/or climate 
adaptation actions could affect an economic sector or factor) that will inform macroeconomic shocks 
to the country’s economy. These shocks focus on impacts on labor productivity (from heat stress and 
human health), land management (carbon storage and erosion), energy-water-agriculture (through 
hydropower, water, crops, and livestock), and infrastructure (inland and urban flooding, and roads and 
bridges). 

This section presents the analytical approach for the development of the impact channels and the 
selection of climate scenarios that were used to estimate impacts on the economy. The detailed 
methodology of each channel is presented in Chapter 4. 

3.1 Analytical Approach
In this study, developing impact channels involves four stages: (1) selecting climate scenarios; (2) 
collecting additional data required for the analysis; (3) selecting and adapting a set of biophysical 
models for the channels to the conditions of Malawi; and (4) applying the biophysical models to 
produce shocks to be fed into the MFMod macro-structural model. Table 3 provides a high-level 
description of each of the 11 channels broken down by category. 

Table 3. Impact Channels Modeled

Channel of impact Description Adaptation

Labor productivity

Heat stress Shock to sectoral labor productivity due to 
shocks from heat stress, estimated from 
temperature and humidity. Considers sector-
specific work ability curves from heat stress. 

Not considered

Human health Shock to total labor productivity from 
increased morbidity of vector-borne and 
temperature-related diseases. 

Not considered

Land management

Carbon storage Change in total terrestrial carbon storage. 
Considers changes in vegetation type and 
degradation due to population pressure 
on natural resources, and the benefits 
of investing in restoration, conservation 
agriculture, agroforestry, etc.

Landscape restoration

Erosion / 
sedimentation

Impacts of landscape degradation on 
erosion in croplands and on sedimentation 
to major reservoirs.

Landscape restoration

Energy, water, and agriculture

Hydropower Impacts on energy generation resulting from 
changes in river runoff.

Investments in 
transmission and resilient 
hydropower plants
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Channel of impact Description Adaptation

Irrigation/Rain Fed 
Crops

Shock to crop revenues. Based on yield 
responses to water availability, erosion, and 
heat tolerance.

Irrigation efficiency, switch 
to climate resilient crops

Livestock yields Shock to livestock revenues. Based on 
availability of feed from pastures and heat 
stress impacts on livestock productivity. 

Investment in alternative 
feed sources

Water supply and 
sanitation

Shock to labor supply/productivity and 
health care expenditures.

Not applicable

Infrastructure

Inland flooding Capital damages from precipitation changes, 
considering floodplains, design flood events, 
and spatial distribution of capital. Building 
on outputs from land management model.

Landscape restoration and 
flood-resilient infrastructure

Urban flooding Shock to capital stock and land from 
changes in the recurrence of flood events. 
Considers built-up capital, agricultural 
capital, and agricultural land. 

Improved infrastructure 
to withstand higher flood 
depths

Roads and bridges Shock to capital stock due to temperature, 
precipitation, and flooding effects across 
paved, gravel, and dirt roads. 

Investment in climate-proof 
infrastructure

Shocks are modeled for the 30-year period from 2021 to 2050, which is the period covered in the 
CCDR, for each climate projection. Where possible, we make use of locally collected data, but in some 
cases we rely on global sources where local data are not available. The climate scenario selection 
methodology and results are presented in Section 3.2. The policy scenarios considered in the study 
are: (i) Business-as-Usual (BAU), which assumes that the sectoral structure and overall growth patterns 
of Malawi’s economy will remain constant; and (ii) an aspirational growth scenario (ASP). Then, climate 
resilient assumptions are included on top of the mentioned scenarios to consider a (iii) business-as-
usual scenario with adaptation (BAU+), and (iv) aspirational growth with adaptation (RES). 

The calculation of shocks under adaptation (see Table 3) includes interventions aimed at mitigating 
the negative impacts of climate change. For each climate projection and channel, the adaptation 
scenario represents a proactive approach for all future investments – for example, capital and 
operation investments in the future are developed considering future climate conditions, with existing 
infrastructure remaining as-is until it needs to be replaced or rehabilitated. 

Generally, greater levels of adaptation can achieve larger reductions in the cost of climate change, 
but with decreasing marginal benefits for incremental expenses in adaptation (see the left panel in 
Figure 5 from the IPCC’s Economics of Adaptation). In practice, the impacts of climate cannot be fully 
mitigated due to technological limitations and other implementation barriers, leaving unavoidable 
residual costs (as seen in the right panel). Adaptation scenarios aim to find the optimal balance 
between adaptation costs and residual impacts, where the marginal benefits of adaptation meet 
the marginal residual costs and overall benefit-cost ratios of the interventions are positive. The 
interventions modeled for each impact channel were selected based on their efficacy for adaptation 
and applicability to the Malawi context, which was, in turn, assessed from the available literature, 
expert knowledge (from the modeling team, in consultation with the World Bank), and capacity to 
model at the scale of the study. Further reasoning behind the selected interventions is provided 
for each channel in Chapter 4.  Adaptation costs are based on unit cost estimates obtained from 
international and, where available, local sources. 
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Figure 5. Representation of Adaptation Costs and Residual Costs of Climate Change
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The biophysical modeling approach presented in this study represents an improvement relative to 
previous efforts to incorporate climate impacts and adaptation into MFMod, such as the one described 
in Roson and Sartori (2016), which is the starting point of this analysis. Generally, the approach 
incorporates the following enhancements:

•	 Higher resolution climate data downscaled at a subnational scale, using the latest available IPCC 
projections from CMIP6.

•	 Consideration of the spatial dimension and use of country-specific data to model the climate 
shocks. For example, the use of Malawi-specific crop calendars and spatially explicit agricultural 
land allocation for the analysis of the agricultural yields.

•	 New channels of impact such as hydropower or water supply and sanitation. 

•	 Policy scenarios tailored to the country that take into consideration different levels of progress in 
general development, as well as in the adoption of adaptation measures.

3.2 Climate Scenario Selection 
To address climate uncertainty in the MFMod analyses, a total of five climate scenarios were selected 
for Malawi that capture both emissions and climate model uncertainty. The climate scenarios were 
provided by the World Bank’s Climate Change Knowledge Portal (CCKP) for 29 General Circulation 
Models (GCMs) from the Coupled Model Intercomparison Project 6 (CMIP6) suite of IPCC model 
outputs. On the CCKP, each GCM has up to five combinations of Shared Socioeconomic Pathway (SSP) 
and Representative Concentration Pathway (RCP) emissions scenario runs. These include SSP 1-RCP 
1.9 (1-1.9), 1-2.6, 2-4.5, 3-7.0, and 5-8.5. For each GCM-SSP combination, CCKP provided a modeled 
history from 1995 to 2014 and projections from 2015 to 2100, for monthly mean temperature and 
precipitation. CCKP also rectified each projection to a common 1x1 degree grid for the globe.
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Given that GCMs are biased relative to observed climate conditions, we applied the bias-correction 
and spatial disaggregation technique to disaggregate the projections to ½ x ½ degree (using inverse 
distance weighting), and to bias correct these projections using the latest observed monthly historical 
dataset from the Climate Research Unit (CRU) of the University of East Anglia (CRU TS 4.05) detailed in 
Harris et al. (2020).4 In short, for each grid cell, the bias correction procedure sets up “quantile maps” 
for each month to statistically compare the GCM hindcast to the CRU observations, and then uses 
those maps to bias correct all projections. 

Figure 6 shows two graphics available on the portal: projected mean temperature (at left) and 
precipitation (at right) in Malawi through 2100 from CCKP. The bold lines are averages across GCM 
projections for each RCPs, and the shaded zones surrounding those lines are the full range of GCM 
projections within an RCP. As can be seen, projected precipitation varies widely across GCMs, but GCM 
ensemble averages (the bold lines) do not change significantly relative to baseline. For this reason, it is 
important to select a set of climate futures that capture a wide range of possible conditions.

Figure 6. Projected Mean Temperature and Precipitation Across Emission Scenarios

Source: World Bank CCKP

Following the World Bank guidance from February 3, 2022, titled Global scenarios for CCDR analyses, 
five scenarios were selected that achieve two purposes. First, to allow for comparisons across emissions 
scenarios. Second, to select scenarios that capture the broadest range of climate change effects across 
GCMs, to assess the vulnerability of the economy and the performance of adaptation options under 
possible wet, dry, and hot GCM outcomes. The final selection included the following set of GCMs from 
SSP-119 and 370, based on changes from the baseline climate through the 2041-2060 period. 

Dry SSP-119. “Dry” scenario that is 10th percentile of mean precipitation change across SSP1-1.9 GCMs

Wet SSP-119. “Wet” scenario that is 90th percentile of mean precipitation change across SSP1-1.9 GCMs

Dry SSP-370. “Dry” scenario that is 10th percentile of mean precipitation change across SSP3-7.0 GCMs

Wet SSP-370. “Wet” scenario that is 90th percentile of mean precipitation change across SSP3-7.0 GCMs

Hot SSP-370. “Hot” scenario that is 90th percentile of mean temperature change across SSP3-7.0 GCMs

 

4CRU TS: https://crudata.uea.ac.uk/cru/data/hrg/#current
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These scenarios represent specific annual trajectories of climate variables (that is, temperature and 
precipitation) for the ½ degree grid cells within Malawi, which, on average, result in extreme (hot, dry, 
or wet) conditions for the country as a whole by mid-century. However, spatial and temporal (seasonal 
and interannual) variability could result in particular climatic conditions differing from the general 
trend of the scenario (for example, a dry scenario presenting wet conditions in earlier decades or in a 
particular grid cell, contrary to the overall trend by 2050). 

The scatterplot in Figure 7 shows the changes in average temperature and precipitation in Malawi 
for the period 2041-2060 vs historical for each of the scenarios. The dry/wet scenarios are based 
on mean changes in precipitation levels, representing mean reductions/increases of about 5 
to 10 percent respectively. While higher temperatures are observed across all GCMs, the hot 
scenario depicts higher levels of warming (about 2 degrees), along with negligible changes in mean 
precipitation. That said, localized and seasonal precipitation may still differ from historical patterns. 
The temperature and precipitation change corresponding to each of the five climate scenarios are 
highlighted. Table 4 summarizes the final SSPs and GCMs selected for Malawi.

Table 4. Climate Scenarios Selected for the Analysis

SCENARIO SSP RCP GCM KEY

Dry – 119 SSP1 RCP1.9 CANESM5 dry_ssp119

Dry – 370 SSP3 RCP7.0 GFDL-ESM4 dry_ssp370

Wet – 119 SSP1 RCP1.9 IPSL-CM6A-LR wet_ssp119

Wet – 370 SSP3 RCP7.0 MIROC-ES2L wet_ssp370

Hot – 370 SSP3 RCP7.0 UKESM1-0-LL hot_ssp370

Figure 7. Climate Scenarios Modeled for Malawi
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4. Impact Channels

The Malawi MFMod will rely on the climate scenarios selected from the process mentioned above to 
introduce the impact of climate change on the economy of the country. To estimate these shocks, 11 
impact channels were developed (see Table 3). This section lays out the analytical approach for the 
development of each of the channels, and summarizes key results.

4.1 Labor Productivity
This section presents the analytical approach to estimating the impact of climate change on labor 
productivity directly through temperature increases at the workplace, and indirectly through increased 
sickness.

4.1.1 Heat Stress

Temperature directly affects the productivity of labor, where the effect intensifies for labor types that 
are either outdoors, indoors but not in temperature-controlled environments, as well as with more 
intense physical work. Labor productivity impacts are based on Wet Bulb Globe Temperature (WBGT) 
to quantify the percentage of a typical working hour that a person can work depending on the level of 
heat stress, following the methodology from Kjellstrom et al. (2018). 

The analysis is done at a ½ x ½ degree spatial resolution and uses climate data gathered from the 
Climate Change Knowledge Portal for the years 1995 to 2100 (World Bank 2021). The resulting output 
corresponds to country-scale annual impacts on sectoral (agriculture, industry, and services) labor 
productivity for each climate scenario for the periods between 2021 and 2100 relative to a baseline 
(1995 to 2020). 

Step 1. Calculate Heat Stress Indicator

Workers are exposed to workday temperatures during typical workday hours. To approximate workday 
temperature from available mean temperature and t-max (that is, the available temperature variables), 
we start from the “4+4+4” method used by Kjellstrom et al. (2018). This method assumes that in a 
typical 12-hour daylight day, 4 hours per day are close to mean daily temperatures, 4 to t-max, and 4 
to the midpoint between mean and max temperatures (labeled t-half). Following the daily temperature 
variability presented in Parsons et al. (2021), we assume that workday temperatures also include the 
cooler portion of the day and calculate them as the average between t-min and the three variables 
presented above.

The functional relationship between work ability and heat stress is quantified using WBGT (measured 
in degrees), which takes into account both temperature and relative humidity. WBGT is calculated 
using the Australian Bureau of Meteorology equation used by Kjellstrom et al. (2008).5 Since relative 
humidity is not generally available, Roson and Sartori (2016) approximate this value based on mean 
temperature and precipitation statistics.

Step 2. Estimate Work Ability by Sector from Heat Stress

Labor productivity shocks are then estimated as the percentage of hours that an acclimatized worker 
should be engaged in work based on workday WBGT. Sectors with lower physical activity can tolerate 
higher levels of heat stress. Labor productivity loss curves from WBGT for each sector, presented in 
Figure 8, are derived from ISO (1989), as done in Kjellstrom et al. (2018).

5ABoM: http://www.bom.gov.au/info/thermal_stress/#approximation 

http://www.bom.gov.au/info/thermal_stress/#approximation
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Figure 8. Work Capacity as a Percentage from Wet Bulb Globe Temperature (WBGT)
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We estimate the impacts of heat on labor productivity for outdoor workers and assume that indoor 
workers are not affected. To estimate heat impacts on outdoor workers’ productivity, we applied 
the data on outdoor exposure by occupation, to ILO data on employment by economic sector and 
occupation for Malawi as described below (ILO 2019). Then, we apply the breakdown of employed 
population by occupation with U.S. Bureau of Labor Statistics data (BLS 2020) on outdoor exposure for 
similar occupations to apply the outdoor effect. Table 5 provides a summary of the sectoral breakdown 
of occupations along with the outdoor exposure assumption for each. 

Table 5.  Percent Share of Employed Population by Occupation and Sector

Occupation Sector Outdoor 
exposure

Agriculture industry services

Managers 0.11% 1.19% 1.61% 24%

Professionals 0.04% 1.56% 11.14% 24%

Technicians and associate professionals 0.00% 0.02% 0.41% 24%

Clerical support workers 0.14% 2.68% 2.71% 5%

Service and sales workers 1.35% 8.28% 63.40% 27%

Skilled agricultural, forestry and fishery 
workers

70.38% 0.07% 0.75% 85%

Craft and related trades workers 0.11% 42.26% 0.91% 94%

Plant and machine operators, and 
assemblers

0.29% 33.56% 9.34% 58%

Elementary occupations 27.58% 10.37% 9.74% 94%

Sources: ILOSTAT; BLS 
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For the final step, monthly labor productivity impacts by labor category by grid cell are aggregated 
nationally and on an annual scale for all the complete time series (1995 to 2100). For agriculture, 
grid cell level impacts are aggregated using the share of cropland as a proxy of the spatial distribution 
of agricultural workers, using data from the Copernicus Fractional Land Cover dataset (Buchhorn et 
al. 2020). For industry and services, we aggregate using gridded GDP data for 2015 from Kummu et 
al. (2018). A baseline mean performance value is calculated for the baseline period (1995 to 2020). 
Shocks for each climate model are calculated as the variation versus the baseline.

Results

Figure 9 shows the labor productivity shocks under each of the five climate change scenarios and 
under each of the MFMod sectors: agriculture, industry, and services. Given its dependence on 
outdoor labor, the agricultural sector shows the largest impacts, followed by industry, then services. In 
2050 under the hot SSP370 scenarios, impacts are as high as 12 percent, 9 percent, and 2 percent in 
the three sectors, respectively.

Figure 9. Labor Productivity Shocks Due to Heat
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4.1.2 Human Health

In addition to direct labor productivity lost due to temperature increases at the workplace, climate 
change is projected to indirectly impact labor productivity through increased sickness, which results 
in time away from work. These effects are calculated based on Roson and Sartori (2016), considering 
increased morbidity for vector-borne diseases (malaria, dengue), diarrhea, and respiratory heat-related 
diseases. Other diseases and impacts such as cholera or air quality and nutrition related diseases are 
not included in this analysis. 

The analysis uses climate data gathered from the Climate Change Knowledge Portal for the years 
1995 to 2100 (World Bank 2021). The resulting output corresponds to country-scale annual impacts 
on total labor productivity for each climate scenario for the periods between 2021 and 2100 relative to 
a baseline (1995 to 2020). 

Step 1. Scale Africa-Wide Labor Productivity Impacts

Roson and Sartori (2016) calculate an impact of -0.63 percent in aggregate labor productivity for Africa 
from an increase of 1° Celsius in global temperatures, based on a projected increase of 4.9 million 
in years of life lost (YLLs) for the continent. The YLL projection considers the increased incidence of 
vector-borne as well as heart-related diseases, including malaria, dengue, diarrhea, and respiratory 
and cardiovascular heat-related diseases. This projection corresponds to a calibration of the labor 
productivity shocks estimated using the ENVISAGE model (Roson and Sartori 2010) from morbidity 
estimates by Bosello et al. (2006) for Africa. For this analysis, we start from the Africa-wide impact and 
refine this figure by country based on the corresponding morbidity changes. 

Changes in morbidity are calculated using YLL data gathered from the Institute of Health Metrics and 
Evaluation global health dataset (IHME 2021). Increased YLLs by country are calculated based on 
the ratio between YLL projections and current incidence in Africa and are summarized in Table 6. The 
Africa-wide labor productivity impact of -0.63 percent is then interpolated using the difference in YLL 
changes relative to Africa. From this calculation, we estimate a projected labor productivity reduction 
of 0.49 percent in Malawi for a 1°C increase in temperature globally.

Table 6.  Additional Years of Life Lost from 1°C Warming

Disease Africa Malawi

Malaria 310 4

Dengue 0.02 0.005

Diarrhea 834 9

Respiratory and cardiovascular 3,744 53

% increase .30 .32

Notes: YLLs represent the average between 2010-2019

Step 2. Scale Global Temperature to Country-Specific Temperatures 

The result presented so far are estimated based on a 1°C change in mean global temperature. To 
estimate the shock based on country-specific mean temperature changes, we compare historical 
mean temperatures in the country against global temperatures between 1995 and 2020. Country 
temperatures are gathered from CCKP while global temperatures are from the National Oceanic and 
Atmospheric (NOAA 2022). Shocks to labor productivity are then calculated for each country by scaling 
the country-specific labor productivity shock to the specific increase under each climate scenario. 
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Results

Figure 10 shows the labor productivity shocks due to health effects under each of the five climate 
change scenarios.  By 2050, labor productivity impacts reach just under 3 percent in the hot SSP370 
scenario.

Figure 10. Labor Productivity Shocks Due to Health Effects

4.2 Land Management
This section presents the analytical approach to estimating the impact of population growth and 
poor land management on ecosystem services that support agriculture, flood mitigation, and carbon 
storage. Land condition is a function of demand on the resources from nearby population (which 
acts to worsen vegetation health) as well as investments in ILM (which act to improve it). We assume 
that the primary driving factor for land degradation is population pressure on natural resources, 
in particular for collection of fuelwood and other forest products, food production, and livestock 
grazing. Population pressures are modeled under a Business-as-Usual future, and then different land 
management policy scenarios are considered which act to restore the landscape, thereby mitigating 
some of the negative effects of population growth and climate change. Vegetation condition is then 
used to predict fluxes in land-based carbon storage and in erosion and sedimentation for each 
policy and climate scenario (Figure 11). The outputs are fed into other impact channels as described 
elsewhere in this report, specifically irrigated and rain fed crops and inland flooding.

Figure 11. Schematic of Impact Flow from Population Pressure and Landscape Management to 
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4.2.1 Land Change Scenarios

Step 1. Develop a spatial model of population change

Population growth was modeled using a gridded regression model based on historical population 
density data from Worldpop (Tatem 2017) and adjusted to match the total population and urban/rural 
split as given in the World Bank’s DataBank: Population estimates and projections. These scenarios 
propagate into the future the observed trends in population data between years 2000 and 2015. All 
scenarios were built using Worldpop spatial data from the period 2000 to 2015 and validated using 
2020 data. The BAU and Aspirational (ASP) scenarios reflect a continuation of the historical tendency 
and urban/rural split, while the Aspirational growth with adaptation scenario (RES) reflects a trend 
toward denser urban areas in the future (Table 7). 

Population density grids for years 2000, 2005, 2010, and 2015 were used to derive the scale (slope) 
and offset (y-intercept) of the linear regression, applied to each pixel in Malawi at 1 km resolution. 
Model predictions at the pixel level are obtained by:

 Pdens = Scale * Year + Offset

 Where:

 Pdens = Population density grids, at 1km resolution

 Scale = Scale or M factor from the regression on the 2000-2015 population data

 Year = Year for model prediction, in this case 2030 and 2050

 Offset = Offset or B factor from the regression on the 2000-2015 population data

The accelerated growth rate in urban population in the RES scenario was accomplished using an 
urban population multiplier of 2x, which declines as distance from baseline urban areas increases. 
The resulting population density grids for each model year were classified into urban and rural pixels, 
using a threshold of 1,000 inhabitants per square kilometer to provide the best match between 
predicted and modeled urban/rural population split.

Since all the scenarios have the same total populations at the national scale, the effect of the 
acceleration of urbanization is a reduction of population density in the rural areas in the RES scenario, 
and a concentration of urban population growth within the existing urban footprint.

Table 7. Population Growth and Modeled Urban/Rural Split

Year Scenario Population, total (millions) Percent urban Percent rural

2020 N/A 19.1 17 83

2030 BAU, ASP 24.8 22 78

2030 RES 24.8 31 69

2050 BAU, ASP 38.1 36 64

2050 RES 38.1 42 58

https://databank.worldbank.org/source/population-estimates-and-projections
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Figure 12. Urban Extents Modeled in the BAU (left) and RES (right) Scenarios, as of 2050

   

Step 2. Develop a Land Change Model

Vegetation condition is classified as good, fair, or poor. Note that resource pressure and related 
declines in vegetation health are also a function of access that people have to alternatives for 
food, fiber, and fuelwood, but these are not modeled for the CCDR since adequate spatial data 
on alternatives are not available. The land change model is then used to predict future vegetation 
condition class, based on estimates of population growth in rural and urban areas for 2030 and 2050.

Projections of future land use and vegetation conditions without land management interventions were 
developed for the BAU and the ASP scenarios, based on: (a) historical trends in land degradation and 
(b) projected population growth. Land degradation trends were obtained from 20 years of remote 
sensing measurements of enhanced vegetation index (EVI), while population density trends were 
derived from 20 years of population growth data as described above. The resulting maps of land use 
and vegetation condition are obtained through three stages:

Analyze EVI trends from 2000 to 2020 → EVI projected for Y2030 and Y2050. Pixel-wise linear 
regression was applied to historical EVI data at 100m resolution. Results were used to project EVI 
forward in time for Y2030 and Y2050. 

Analyze population effect on EVI from 2000 to 2020 → Additional EVI change projected for Y2030 
and Y2050. Pearson correlation was used to assess the correlation between negative trends in 
historical EVI with positive trends in population change. This factor was then used as an additional 
scale factor to predict future EVI as a function of population density.

Combine projected EVI with land use classification → BAU land use and vegetation condition rasters. 
The information in the resulting land use and vegetation condition rasters corresponds to a categorical 
land cover classification with additional information on vegetation condition, based on EVI projected 
using information from stages 1-3. Land use classification for the baseline (2020) condition was 
derived from ProbaV Land Use and Cover data (Buchhorn et al. 2020). Any given pixel can have the 
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same EVI in the future as in the baseline (stable condition pixel), higher EVI (improving condition pixel) 
or lower EVI (degrading condition pixel). Vegetation covers from ProbaV were further classified into 
vegetation condition classes (“poor”, “fair”, and “good”). This classification was based on the mean 
and standard deviation (SD) in the baseline EVI measurements for each natural vegetation cover class 
(forests, grasslands, shrublands, and croplands), such that “fair” was assigned to pixels within mean 
± 0.5 SD, “poor” assigned to pixels < mean – 0.5 SD, and “good” to pixels > mean + 0.5 SD. If the 
EVI trend for a given pixel is strong enough, as result of the scenario assumptions, that pixel EVI value 
might change enough in year 2030 or 2050 to move from one bin (for example, “fair”) to another (for 
example, “poor” or “good”).

Note that most land uses did not change in the projected futures, with the exception of urban 
expansion (as described above; Figure 12). We assumed that no expansion occurred in land area 
devoted to cropland; instead, the focus of development in the agriculture sector is on intensifying 
production within existing croplands, expanding irrigation, and investing in more efficient production 
(see Section 4.3.2).

Step 3. Policy Scenarios for Land Management

Land management in the BAU scenario is characterized by lack of enforcement of existing policies and 
initiatives that aim to curb land degradation due to natural resource extraction (that is, the National 
Charcoal Strategy and the Clean Cooking Initiative), lack of progress on land restoration under the 
country’s Bonn Challenge commitment, projected rural population growth at nearly 2.5 percent per 
year, and relatively small budgets allocated for ILM implementation. Landscape restoration efforts are 
limited to implementation of the Malawi Watershed Services Improvement Project (MWASIP), restoring 
a total of 285,000 ha of land by 2030. The total cost of this scenario (US$262.5M) uses the cost 
of US$500/ha estimated for the MWASIP project and assumes an additional US$6M per year from 
2030-2050 in community and capacity building support to maintain the activities following the initial 
implementation. 

The BAU with adaptation scenario assumes that the Malawi government successfully implements 
the measures outlined in its Updated Nationally Determined Contribution of 2021, which include 
promoting soil and water conservation and agroforestry at both farm and watershed levels; promoting 
conservation agriculture at the farm level; and investing in community forestry, forest management 
and protection; and riparian restoration, covering a total of 2.5M ha. Spatial allocation of these land 
management activities was targeted to the places in the poorest condition, based on vegetation 
condition modeling as described above, and where rural population densities are projected to be 
highest. The cost for this scenario (US$80/year, US$2.4B total) is taken from the NDC estimate 
including conditional and unconditional funding. We assume that the MWASIP projects implemented 
under BAU would be included in the NDC commitment.

The ASP scenario assumes that the Malawi government successfully implements its Bonn Challenge 
commitment to restore 4.5M ha of degraded land, including doubling the size of its investment in the 
MWASIP project, and to limit charcoal production and promote adoption of clean cookstoves under the 
National Charcoal Strategy and the Clean Cooking Initiative. Spatial allocation of areas for restoration 
in this scenario are based on priority areas outlined in the 2016 Malawi National Forest Landscape 
Restoration Strategy. The cost of this scenario (US$145M/year, US$4.34B total) is estimated based 
on the average cost per hectare of activities relating to conservation agriculture, land management, 
restoration, etc. (US$960/ha) as reported by the Malawi government in its Updated NDC of 2021. In 
addition, the NDC estimate for expanding access to improved firewood cookstoves for rural households 
(US$18M) is included. 

The RES scenario assumes an accelerated investment in clean cooking, reducing demand for 
fuelwood from the landscape by 45 percent, and better targeting of land restoration efforts as outlined 
in the country’s NDC to ensure that restoration actions are robust to changing climate conditions. In 
this scenario, land management activities are targeted to the places in the poorest condition, based 
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on vegetation condition modeling as described above, and where rural population densities are 
projected to be highest. The cost of this scenario (US$4.47B) is estimated as the cost of restoration 
using the same per-hectare cost as ASP, plus an additional US$149M cost, as stated for Malawi’s 
Energy Compact Ambition 7.1.

The restoration assumptions given above were implemented as pixel level changes applied to the 
land use and vegetation condition rasters generated for each scenario. First, clean cooking and 
charcoal strategy interventions were implemented as a reduction in the population pressure model to 
reflect reduced pressure on the landscape. Next, restoration activities were implemented as 1-step 
improvement in vegetation condition in pixels selected for restoration actions. For example, a given 
pixel of forest land cover projected to be in “poor” condition as a result of the population pressure 
model, would be changed to “fair” condition in 2030 as a consequence of restoration activities 
implemented in the policy scenario. Since these activities are assumed to continue to be implemented 
in the future through year 2050, that same pixel would improve again by 2050 to “good” condition. 

Results

Summary: Land change

Output Area of land in degrading condition (ha)

Results by 2050 BAU:  2,398,000

ASP:  673,000

BAU+:  1,012,000

RES:  262,000

Figure 13. Areas of Land Degradation and Improvement Under Each of the Policy Scenarios by 2050, 
Based on Land Change Model Plus Land Management
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4.2.2 Carbon Storage

Land-based carbon storage was estimated for each policy scenario based on a linear regression 
model that relates remote sensing data on aboveground biomass with land cover and vegetation 
condition. Two major carbon pools are modeled: Above-Ground Biomass (AGB) and Below-Ground 
Biomass (BGB). ABG data from the ESA Biomass Climate Change Initiative (BCCI) (Santoro and Cartus 
2021) for the year 2018 was utilized for this study. This dataset comprises estimates of forest above-
ground biomass for the years 2010, 2017, and 2018. They are derived from a combination of Earth 
observation data, depending on the year, from the Copernicus Sentinel-1 mission, Envisat’s ASAR 
instrument, and JAXA’s Advanced Land Observing Satellite (ALOS-1 and ALOS-2), along with additional 
information from Earth observation sources. These ABG data were regressed against baseline (2020) 
land use/vegetation condition to establish a predictive model linking land use/vegetation condition to 
AGB. The assumption was made that no major changes in terms of land use occurred between 2018 
and 2020. The resulting regression was used to predict ABG for each policy scenario after all land 
management actions that alter vegetation condition are applied. 

Globally, belowground biomass is estimated to account for up to 20-30 percent of the total biomass. 
For this study, the ratio of 0.26 was used, following other biomass studies in Africa (Abebe et al. 
2021). AGB and BGB were then summed to give total biomass. Carbon stock (C fraction) is estimated 
by multiplying total biomass by a coefficient of 0.47 which represents an average of 47 percent of the 
dry biomass assumed to be carbon across all parts of the vegetation (Ma et al. 2018). Finally, total CO2 
sequestered is estimated by multiplying the total carbon stock by a factor of 3.67 to convert the mass 
of carbon stored in biomass to its CO2 equivalents.

Results are summarized for each scenario as mean carbon stored (Mg CO2 equivalents/ha) for each 
land use type and vegetation condition (good, fair, poor; Figure 14). The model is used to estimate 
changes in total land-based carbon storage (Mt CO2 equivalents) for each of the policy scenarios, 
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reflecting changes in vegetation condition as a result of population pressure and/or restoration in the 
policy scenarios. Note that climate change can also impact vegetation survival, growth, and carbon 
sequestration rates, as well as the distribution of ecosystem types across the landscape; however, the 
mechanisms behind these changes are complex and not within the scope of this study. Therefore, the 
carbon model reflects only anthropogenic changes in land management between policy scenarios.

We used the model results for the change in land-based carbon storage for each scenario and 
converted them to CO2 equivalents, to arrive at the avoided carbon emissions (or additional emissions) 
for each policy scenario. For the price of carbon credits, we use the prices of standardized carbon 
credit contracts as reported in the World Bank’s State and Trends of Carbon Pricing 2022 report. The 
prices for nature-based carbon credits are highly variable and range from US$5 to US$15 between 
2021 and 2022. Therefore we use an average of US$10 per ton CO2 and also report the range  
(Table 8).

Results

Summary: Carbon Storage

Output Avoided emissions (Mt CO2e), relative to baseline 2020

Results by 2050 BAU:  -28.72

ASP: 109.99

BAU+: 95.52

RES: 148.55

Figure 14. Change in Land-Based Storage of CO2e (Mg/Ha) in 2050 Relative to Baseline
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Table 8. Value of Avoided Carbon Emissions by Policy Scenario. Negative Values Represent Lost 
Revenue Due to Increased Emissions

Scenario Total value by 2050, M USD 
(Low to high estimate)

Annual value, M USD
(Low to high estimate)

BAU -287 
(-144 to -431)

-9.6 
(-4.8 to -14.4)

BAU+ (w/adaptation) 955 
(478 to 1,433)

31.8 
(15.9 to 47.8)

ASP 1,100 
(550 to 1,650)

36.7 
(18.3 to 55.0)

RES 1,486 
(743 to 2,228)

49.5 
(24.8 to 74.3)

4.2.3 Erosion/Sedimentation

The spatially explicit InVEST Sediment Delivery Ratio (SDR) model (Sharp et al. 2020) was utilized to 
estimate the potential impacts of climate and land change on erosion and sedimentation. Five climate 
scenarios were modeled at two different time periods (2030 and 2050) for each policy scenario. This 
involved changing the land use/vegetation condition input to the model, as well as the rainfall erosivity 
input.

The SDR model estimates for each pixel the average amount of erosion per year, then integrates 
information on the landscape context (land cover and land use upslope and downslope of the pixel) to 
estimate the amount of sediment thereafter retained on the landscape or washed into downstream 
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reservoirs. The model is based on an implementation of the Revised Universal Soil Loss Equation 
(RUSLE1;Renard 1997) for the calculation of annual soil loss, and includes a sediment delivery 
function as a function of the hydrological connectivity of each pixel in the landscape. Data for the SDR 
model includes biophysical parameters for the calculation of erosion dynamics, sediment export and 
retention across the landscape, including data on elevation, land use land cover, rainfall erosivity, soil 
erodibility, topography, vegetation cover, and management practices. 

The primary climate input to the SDR model is rainfall erosivity. Future rainfall erosivity values were 
obtained by using the multiple regression formula below:

 EI_30 = -25185 – 136*MFI + 28*P + 27223*SI

 where:

 EI_30 = Rainfall erosivity, in MJ mm ha-1 h-1 yr-1

  MFI = Modified Fourier Index, derived from average monthly rainfall from 2010 – 2020

  SI = Seasonal Index, derived from average monthly rainfall data from 2010 – 2020

The coefficients for the multiple regression were obtained by fitting the historical rainfall dataset at 
50km against the high resolution (1 km) dataset of rainfall erosivity from the European Soil Data 
Center (Panagos et al. 2017). The multiple regression was used to project future rainfall erosivity, and 
then the anomalies between projected and historical values were used to adjust the high-resolution 
rainfall dataset used as input to the SDR model. The reason to use the anomalies between historical 
and projected erosivity instead of using directly the future estimations of rainfall erosivity is to 
maintain the spatial heterogeneity present in the high-resolution product, where mountain ranges and 
precipitation shadows are mapped. 

Mean annual erosion rates (t/ha/yr) in croplands and total annual sedimentation rates (t/yr) 
coming from the contributing areas to major reservoirs were produced to inform impact channels for 
agriculture and hydropower.

Summary: Sedimentation

Output Range of mean annual erosion in croplands (t/ha/yr) under different 
scenarios of climate change

Results by 2050 BAU: 37 – 42

ASP: 24 – 28

BAU+: 25 – 28

RES: 21 – 24

Output Range of annual sedimentation in reservoirs (Million t/yr) under 
different scenarios of climate change

Results by 2050 BAU: 3.7 – 4.7

ASP: 2.3 – 2.9

BAU+: 2.2 – 2.9

RES: 1.8 – 2.2

4.3 Agriculture, Water and Energy
This section presents the methodology for estimating the impact of climate change on: (i) hydropower 
from changing streamflows and water use in the Zambezi River catchment; (ii) irrigated and rain 
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fed crop revenues from changes in water availability and temperature; (iii) livestock revenues from 
changes in water availability and temperature; and (iv) impacts in water supply and sanitation. 

For these analyses, temperature and precipitation projections are fed into calibrated hydrological and 
crop models, along with land management assumptions, which generate inputs to an existing hydro-
economic modeling framework for Malawi (CLIBASIN). This framework, which was used to develop 
the Zambezi Strategic Plan, incorporates a detailed hydrological and economic representation of the 
country, along with planned investments in the water, energy, and agricultural sectors from national 
investment strategy documents.  

The CLIBASIN modeling framework has been developed over the past 15 years by a team of 
modelers from MIT, the University of Colorado, and IEc to address climate resilient regional economic 
development and infrastructure investment. The framework (see Figure 15) begins with historical and 
projected climates, which are inputs to two biophysical models: a rainfall runoff model (CLIRUN-WET: 
Runoff and Wetlands) and a crop water demand and yield estimator (CLI-CROP).  The outputs of these 
models are fed into a multi-sectoral hydro-economic model, the WHAT-IF tool developed by Technical 
University of Denmark, MIT, COWI and IEc. CLIBASIN has an advantage over other models for its recent 
application in developing the Zambezi Strategic Plan, its integration of recent data on current and 
planned water resources infrastructure, and the multi-sectoral nature of the tool.

Figure 15. CLIBASIN Modeling Framework
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The Malawi CLIBASIN model is nested within the geographically broader model used to develop the 
Zambezi Strategic Plan, and the WHAT-IF component of the modeling framework is a hydro-economic 
decision support tool for water infrastructure investment planning, linking, in a holistic framework, 
a representation of the water, energy, and agriculture systems. WHAT-IF was recently published 
in Hydrology and Earth Systems (see Payet-Burin et al. 2019). Since that time, WHAT-IF has been 
published in two other peer reviewed journals and two United Nations University World Institute for 
Development Economic Research (UNU-WIDER) working papers (see Payet-Burin et al. 2020; 2021; 
Payet-Burin and Strzepek 2021a; 2021b).   
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4.3.1 Hydropower

Climate change can change the availability of water resources for hydropower production. The analysis 
considers the biophysical modeling of the Zambezi River basin, including the characterization and 
interactions between water-dependent sectors: energy, agriculture, and water supply. Within the 
Zambezi basin, the analysis focuses on the Malawi catchments, using climate data gathered from the 
Climate Change Knowledge Portal for the years 1995 to 2050 (World Bank 2021) to model alternative 
futures. While energy and agriculture are modeled together, this section focuses on the energy sector 
in particular. Agriculture is presented in the following section.

The resulting output corresponds to country-scale annual impacts on hydropower production (GWh/
year) and shocks calculated as annual changes relative to a baseline (1995 to 2020). As the existing 
plans do not consider climate change, the model was first deployed to analyze the climate vulnerability 
of hydropower systems. From a policy perspective, the “no action” pathway assumed a continuation of 
the recent trajectory of Malawi’s actions. The next set of policy scenarios goes beyond current policies, 
to consider additional actions to build resilience. 

Step 1: Model Zambezi Basin

We use WHAT-IF for modeling the water, hydropower, and agriculture analysis. WHAT-IF is a hydro-
economic decision support tool for water infrastructure investment planning, linking, in a holistic 
framework, a representation of the water, energy, and agriculture systems (Payet-Burin et al. 2019). 
Figure 16 shows the modeling framework of WHAT-IF. Resource management and infrastructure 
operation (for example, storage, production, transfer) are decision variables, optimized to maximize 
total economic surplus while respecting physical and institutional constraints. In this version, using a 
single objective function for the entire planning horizon, the model assumes “perfect foresight” and 
“perfect cooperation” (Payet-Burin et al. 2020).

Figure 16. Modeling Framework of the WHAT-IF Model
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The water resource availability is represented through the exogenous rainfall-runoff model (CLI-OPT), 
while the natural (for example, river network, lakes) and engineered (for example, reservoirs, transfer 
schemes) flow network is represented internally at the sub-basin and monthly scale. Water users 
(except hydropower and irrigation) are represented through their demand/value, while ecosystems are 
represented through environmental flow constraints. The data sources used to develop the Zambezi 
basin model are listed in Table 9. 

Table 9. Water Resources and Hydrology Data Sources

Description Source

Water

Reservoir storage capacity (Bhave et al. 2020; ZAMCOM 2019; World Bank 
2010)

Volume-area linear coefficient (ZAMCOM 2019; World Bank 2010)

Environmental flow requirement (World Bank 2010)

Domestic/industrial water demand and loss 
rates

(World Bank 2010)

Power

Capacity and efficiency of hydropower plants (ZAMCOM 2019; World Bank 2010)

Capacity and efficiency of other power plants (World Bank 2010; IRENA 2013; Taliotis et al. 2016)

Lifetime of power technologies (IRENA 2013)

CO2 emission rate of fuels (IRENA 2013)

Operational costs of hydropower turbines 
and other plants

(IRENA 2013; Taliotis et al. 2016)

Fuel and CO2 emission costs (IRENA 2013)

Power demand and capacity of transmission 
lines

(SAPP 2015; Taliotis et al. 2016) 

Capacity factors and transmission and 
supply losses

(IRENA 2013)

Marginal value of energy Expert assumption, based on generator costs

Energy transmission costs (IRENA 2013)

Step 2. Model the Power Sector

Power plants (for example, hydropower, thermal, renewables) produce energy within power markets (at 
the national scale) that trade through transmission lines. A capacity expansion model represents the 
development of generic power technologies. Power demand is represented as inelastic, but different 
load segments (sometimes called “time slices”) that sub-divide the monthly demand are defined (for 
example, peak and base demand). The power infrastructure represented in Malawi is summarized in 
Table 10.
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Table 10. Power Infrastructure in Malawi

Type Description Capacity Notes

Existing

Power 
infrastructure

ESCOM coal power plant 129 MW Aggregated thermal power 
capacity of Malawi

Hydropower 
plants

Nkula 124 MW

Tedzani 90 MW

Kapichira I 64 MW

Kapichira II 64 MW

Projected - BAU

Power 
infrastructure

Malawi-Mozambique 
transmission line

700 MW Various transmission projects, 
first 20% operational in 2025, 
completed in 2045

Generic investments in power 
technologies (Coal, Gas, Solar)

Costs according to (IRENA, 
2013; Taliotis et al., 2016)

Hydropower 
plants

Kholombidzo 240 MW 2025 (operational)

Songwe 340 MW 2035 (operational)

Lower Fufu 200 MW 2040 (operational)

Mpatamanga 350 MW 2030 (operational); not in ZSP, 
309 MW (+41 MW downstream)

Step 3: Develop Policy Scenarios

We consider a business-as-usual (BAU) scenario that includes a slow power demand increase, related 
to low electrification rates. Energy demand continues growing until 2050 at the same rate as from 
2010 to 2020. Development of transmission lines with Malawi, Zimbabwe, and South Africa, with 140 
MW operational in 2025 and 280MW in 2030. The BAU with adaptation (BAU+) scenario includes 
higher transmission capacity with Mozambique, which enables to adapt to inter-annual variation in the 
Hydropower production.

The aspirational growth scenario (ASP) considers a 180 percent increase in energy demand from 2010 
to 2040, as forecasted by the South African Power Pool (SAPP) study, which is supplied by multiple 
hydropower projects, mainly on the Shire River. This includes the development of Mphanda Nkuwa 
(1,300 MW) operational by 2030.

In the Resilience (RES) scenario, the Songwe hydropower plant is replaced by a hydropower plant in 
the South Rukuru basin. Increased connectivity in the SAPP is considered, with new transmission lines 
within the SAPP with Malawi, Zambia, and South Africa. Additionally, improved efficiency for urban 
electricity supply (an improvement from 20 percent losses to 10 percent losses) is also included in 
this scenario. Other adaptation options were analyzed, including replacing planned facilities with 
alternatives both downstream and upstream of Lake Malawi.  Of these, Songwe performed most 
effectively in terms of improved climate resilience.

The policy scenarios also consider steady access to safe drinking water of 90 percent from FAO-
AQUASTAT for BAU with and without adaptation, and an increase to 100 percent in 2030 for ASP 
and RES. In addition, all irrigation development assumptions presented in the agriculture sector are 
modeled along with hydropower.
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Results

Summary: Hydropower

Output Hydropower production shocks and investment requirements.

Results by 2050 BAU: Between -3% (pessimistic dry) and +1% (wet and hot scenarios) shock on 
generation.

ASP: -6% at the low-end (pessimistic dry) and +3% at the high-end (optimistic 
wet).

BAU+: Between -0.5% (pessimistic dry) and +5% (wet and hot scenarios), with 
all other scenarios greater than zero. 

RES: Between -1% at the low end (pessimistic dry) and +6.5% at the high-end 
(pessimistic wet), with all other scenarios greater than zero. 

Figure 17 shows the generation trajectory until 2050, illustrating the increases produced with the 
development of new plants. Under ASP scenario, the Songwe plant is built in 2035. Under RES, 
Songwe is replaced with a more resilient Lower Fufu facility, which has higher average hydropower 
production and greater resilience to dry scenarios. Overall, the impact of climate change on Malawi’s 
hydropower generation is relatively low. Solid lines in the figure indicate the range within climate 
scenarios, while dashed lines indicate the average. 

Figure 17. Annual Hydropower Generation Under Policy Scenarios

Notes: Dashed line is average across climate scenarios

Under the BAU, hydropower generation is quite resilient to climate change since existing hydropower 
plants benefit from the regulation effect of Lake Malawi. Because of the slow demand increase, the 
Mpatamanga hydropower plant is found to increase generation capacity above electricity demand, but 
since the scenario considers limited transmission lines capacity to Mozambique, the full potential of 
Mpatamanga cannot be used, and therefore the climate impacts are softened in the BAU scenario. 
In the 2040s, generation shocks range between -3 and 1 percent (see Figure 18). Considering higher 
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transmission capacity with Mozambique in the BAU scenario, which enables to adapt to inter-annual 
variation in the Hydropower production, shocks in the 2040s are positive. However, given that in the 
BAU scenario the production capacity is larger than demand, the additional transmission capacity is 
mainly used to export additional power production. 

The Aspirational (ASP) scenario includes a twofold increase in power demand from 2025 to 2040, 
which, combined with high irrigation development around Lake Malawi and downstream on the 
Shire River, leads Mpatamanga hydropower to be sensitive to climate scenarios, with total Malawi 
hydropower production 6 percent lower under a dry climate. In the Resilience (RES) scenario, the 
replacement of the Songwe hydropower plant improves resilience by softening the negative shock 
under a dry climate to 1 percent. Additionally, the improvement in irrigation efficiency does increase 
the available flow in the Shire River and reduce impacts on the Mpatamanga plant.

Figure 18. Hydropower Generation Shock in 2040s Relative to No Climate Change
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In general, hydropower production in Malawi is found less sensitive to climate than in Mozambique, 
because the turbinating capacity of the hydropower plants is designed for an average flow that is lower 
than the observed flow, and because the new dam in Liwonde is able to regulate releases out of Lake 
Malawi. Mozambique is subject to the drying trend in the Zambezi basin and, by the 2040s, the dry 
scenario will reduce aspirational growth generation by up to 35 percent. 

4.3.2 Irrigated and Rain Fed Crops

Under climate change, irrigated and rain fed yields will be affected by changes in water availability, 
increasing evaporative demands, and extreme heat as temperatures rise. Modeled changes in 
soil erosion from investments in land management (Section 4.2) will also impact crop yields. The 
analysis of irrigated and rain fed crops is also produced using the WHAT-IF model presented above for 
hydropower, using the same model setup and assumptions for the baseline and all policy scenarios, 
considering the nexus between agricultural production, water, and energy.

The analysis is done regionally for the main crops in the country, using climate data gathered from the 
Climate Change Knowledge Portal for the years 1995 to 2100 (World Bank 2021). The resulting output 
corresponds to country-scale annual crop production (tons/year), production value (US$/year), and 
yields (ton/ha). Shocks are calculated for each climate scenario for the periods between 2021 and 
2100 relative to a baseline (1995 to 2020). 
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Step 1. Model the Agriculture Sector in WHAT-IF

The agriculture sector is represented by rain fed and irrigated agriculture within each sub-catchment, 
that produces within crop markets (at the national scale), while trade occurs between markets (for 
example, a world market) assuming exogenous market prices from IFPRI. Crop demand is represented 
per market considering own-price elasticity. The main links with the water resources are rainfall and 
water supply to agriculture. Table 11 summarizes the inputs used in the agriculture analysis.

Table 11. Agriculture Data Sources

Description Source

Irrigated areas and crops (ZAMCOM 2019; World Bank 2010)

Rain fed areas and crops (IFPRI 2020)

Crop coefficient (World Bank 2010)

Crop temperature thresholds (FAO 2015)

Yield water response factor (Doorenbos and Kassam 1979; FAO 2018) 

Crop demand, prices, and elasticities (IFPRI 2017; FAO 2018) 

Under climate change, rain fed yields will be affected by changes in rainfall patterns, increasing 
evaporative demands, and extreme heat as temperatures rise. The approach relies on FAO Irrigation 
and Drainage papers 33 (Doorenbos and Kassam 1979) and 56 (Allen et al. 1998) for irrigation 
requirements as well as yield water response functions and coefficients. As a baseline, the modeling 
starts from 41,000 ha of irrigated agricultural areas and 6.1 million ha of rain fed land. 

The water availability approach is then supplemented with impacts to crop yields from extreme 
heat. Potential crop yields may be impacted by high temperatures during reproductive stages of 
development when crops are more sensitive, reducing seed numbers (Prasad et al. 2015). The 
effect of temperature on crop yield is represented using the yield shocks-based optimum and 
maximum tolerance temperature by crop, which will determine at which temperature a crop will start 
experiencing damages until it suffers full loss. For illustration, if a rain fed crop receives 75 percent 
of the total seasonal rainfall needed, this 25 percent deficit will be translated to a yield impact by way 
of a crop-specific water response factor from FAO. This yield may then be further reduced if growing 
season temperatures exceed crop-specific thresholds.

Step 2: Include Erosion Impacts

Soil loss (erosion) can reduce the nutrients available to crops, if not replenished by fertilizers, by 
eroding the topsoil. Although topsoil is generated naturally, natural generation is slow, usually less 
than 1 mm/year, or roughly 12 t/ha, depending on soil density (Hammer 1981; Hudson 1981). Soil 
erosion volumes are obtained from the land management analysis (erosion/sedimentation), based 
on the Revised Universal Soil Loss Equation (RUSLE) developed by the United States Department of 
Agriculture (1983) and revised by Renard (1997). The RUSLE is the most widely used approach to 
estimate erosion.

To approximate the impact erosion loss has on crop yields, we use a method developed by FAO 
(Kassam et al. 1991). The approach is based on a tolerable loss rate over time and varies by levels 
of inputs (high, intermediate, and low) as well as the susceptibility of soils to productivity loss. Yield 
losses are scaled based on erosion loss, which is calculated as the differences between erosion under 
climate change and the baseline. The analysis was done for the 7 catchments in Malawi and weighted 
by total agricultural production resulting from WHAT-IF, for all climate and policy scenarios (detailed 
below). 
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Step 3: Develop Policy Scenarios

The BAU scenario considers the development of irrigation projects from the Zambezi Strategic Plan 
(ZAMCOM 2019) in addition to existing irrigation, as well as the expansion of rain fed areas in Malawi 
(see Table 12). We consider no changes in the share of cropland that is allocated to each crop under 
BAU conditions. The BAU with adaptation scenarios considers the same irrigation development, as well 
as improved irrigation systems from flood irrigation to canal irrigation, reducing water losses from 55 to 
37 percent. In addition, a shift to climate resilient crop varieties is considered by increasing the share 
of maize area to 30 percent by 2030 (445,000 ha of rain fed agriculture).

The ASP scenario considers doubling the irrigated area in 2030 (106,000 ha) gradually between 
2030 to 2050. The RES scenario assumes the same irrigation expansion from RES plus the irrigation 
efficiency improvements considered in BAU with adaptation. 

Table 12. Agriculture Areas in Malawi

Description Characteristics Comment

Projected - BAU

Irrigated +65,000 ha Additional, ZSP and MSIOA studies, implemented 
gradually between 2010 and 2030.Rain fed +608,000 ha

Projected – Aspirational

Irrigated +106,000 ha Double BAU-2030 irrigation from 2030 to 2050

Projected – Resilience

Irrigated +106,000 ha Double BAU-2030 irrigation from 2030 to 2050

In addition to irrigation development, all scenarios consider an increase in crop demand of 65 percent 
from 2010 to 2030 and 50 percent from 2030 to 2050 on average, as forecasted by IFPRI. Under 
BAU and BAU with adaptation, potential yields increase 0.75 percent per year for maize, while other 
crops improve accordingly to relative projections. This increase assumes improvements in agronomic 
practices and farming efficiency over time, and is based on assumptions in the Zambezi Strategic 
Plan. This percent increase for maize rises to 2 percent under ASP and RES, with other crops following 
proportionally. 

The policy scenarios also consider steady access to safe drinking water of 90 percent from FAO-
AQUASTAT for BAU with and without adaptation, and an increase to 100 percent in 2030 for ASP and 
RES. All hydropower and energy developments presented in the hydropower section are also included. 

Results

Summary: Irrigated and rain fed crops

Output Shock to crop revenues input into MFMod as a reduction of agriculture 
sector revenues. 

Results by 2050 BAU: -14% (optimistic wet) to +4% (pessimistic wet) shock.

ASP: -13% (optimistic wet) to 4% (pessimistic wet) shock.

BAU+: +6% (optimistic wet) to +31% (pessimistic wet) shock.

RES: +5 (optimistic wet) to +29% (pessimistic wet) shock. 
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Figure 19 shows the total irrigated and rain fed crop value relative to 2021 over time. Overall, changes 
are positive, reflecting the benefits of increased irrigation. As seen from the BAU trend, there is a risk 
of inaction of up to 25 percent of crop revenues relative to a no climate change scenario (difference 
between bold and thin lines in the 2030s). While this risk still persists under ASP, greater irrigation 
development increases crop revenues 35 percent relative to BAU by 2050 and increases low-end 
scenario revenues to BAU levels. By comparing BAU+ vs BAU and ASP vs RES, the benefit of building 
resilience can be observed from increased revenues while buffering against losses. Resilience can be 
enhanced through a combination of actions including land management, crop switching, and higher 
irrigation efficiency. 

Figure 19. Crop Value Shock Relative to 2021

Notes: Bold line represent average of five climate projections, thinner lines represent 10-year moving averages of individual GCM runs.

The benefits of adaptation are more clearly seen in Table 13, which shows the percent change in total 
crop value relative to the historical climate rather than the 2021 baseline. As seen from the table, both 
BAU and ASP scenarios suffer negatively from climate impacts, both precipitation and temperature. 
However, when considering adaptation, crop values could increase up to 18 percent between 2021-
2035 and 30 percent between 2036-2050. In general, yield improvements are the driving policy 
impacting the agriculture sector. 

Table 13. Change in Total Crop Value Relative to Observed Climate
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BAU 2021-2035 -7.8% -5.4% -9.9% -4.5% -4.3%

2036-2050 -8.5% -5.1% -14.1% 4.4% -4.1%
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BAU+ 2021-2035 11.9% 15.6% 9.2% 16.4% 18.1%

2036-2050 12.5% 19.3% 5.6% 30.6% 21.6%

ASP 2021-2035 -8.1% -5.3% -10.2% -4.4% -4.2%

2036-2050 -8.0% -4.8% -13.3% 4.4% -4.0%

RES 2021-2035 11.2% 15.3% 8.5% 16.1% 17.9%

2036-2050 11.7% 18.1% 5.2% 28.9% 20.2%

Notes: Optimistic wet scenario shows large value reductions, suggesting the 2040s are anomalously dry (scenario selected nationally 
based on 2040-2060 period), or a spatial precipitation pattern that has a negative effect on crop-producing regions.  

In any of the scenarios, irrigation remains a little share of the total cultivated area, and has little 
impact on total agricultural production (for example, stabilizing maize production), but does generate 
additional value through higher-value crops (for example, sugarcane). While improving yields does not 
mitigate the effects of climate change on relative yields, it does ensure that absolute production and 
revenues do not decrease in the future. Among the most important crops, the most impacted crops are 
roots and cassava, partially because of temperature impacts on yields (see Figure 20). 

Figure 20. Climate Sensitivity of Different Crop Yields for the BAU Scenario
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In the BAU scenario, low yield improvement (and moderate development of irrigation to a lesser 
extent), lead absolute yields to decrease significantly (up to -10 percent for Maize, up to -30 percent 
for cotton over a decade) and the total value of agricultural production to decrease in most climate 
scenarios. In the BAU with adaptation scenario, switching of maize area to cassava does increase 
agricultural revenues and reduces the impacts during the extremely dry years. In the Aspirational 
(ASP) scenario, yield improvements mitigate the absolute decrease in yields while not affecting 
the sensitivity to climate impacts (water and temperature impacts on yields). In the Resilient (RES) 
scenario, switching 30 percent of the maize area to cassava does increase agricultural revenues, and 
reduces the impacts during the extremely dry years. The improvement in irrigation efficiency slightly 
limits trade-offs with hydropower generation. 
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4.3.3 Livestock Yields

Climate change may impact livestock yields from both increases in direct temperature impacts and 
reduced availability of feed. The analysis evaluates the effect of changing climate conditions on 
livestock productivity, relying on a hybrid approach that includes these two components. The first is 
a biophysical component that considers the effect of temperature on expected livestock incomes, 
and the second is a feed component that incorporates the effect of changing availability of livestock 
feed due to reduced pasture productivity. Generally, studies about the impacts of climate on livestock 
productivity are specific to particular species, breeds, locations, and/or pastoral systems, making the 
extrapolation of their results challenging. We favored the models presented in this study because of 
the higher-level scope and availability of data. The analysis relies on a model that impacts livestock 
yields from temperature and draws on the rain-fed crop yield analysis for pasture productivity 
information. 

The analysis is done at a ½ x ½ degree spatial resolution and uses climate data gathered from the 
Climate Change Knowledge Portal for the years 1995 to 2100 (World Bank 2021). The resulting output 
corresponds to country-scale annual impacts on livestock revenues for each climate scenario for the 
periods between 2021 and 2100 relative to a baseline (1995 to 2020). 

Step 1. Model Availability of Livestock Feed from Pastures

First, we model the effect of water availability. Water demand for grass is calculated by multiplying 
monthly potential evapotranspiration (PET) by monthly water demand coefficients (Kc), which produce 
annual evapotranspiration requirements (ETc). Monthly PET was calculated using the modified 
Hargreaves method (Droogers and Allen 2001). Water demand coefficients were obtained from 
FAO Irrigation and Drainage Paper 56 (R. G. Allen et al. 1998) for extensive grazing pastures. Water 
supply is effective precipitation (Pe), which is monthly precipitation adjusted for drainage qualities of 
the soil and then capped at ETc levels. Pe is calculated from monthly precipitation data from CCKP 
following the methodology from the FAO Irrigation Water Management Training Manuel no. 3 (Brouwer 
and Heibloem 1986). We estimate the yield response to water use as the annual ratio of effective 
precipitation (Pe) and crop water need (ETc) multiplied by the yield response coefficient for pastures (Ky) 
from Githui and Goodwin (2020). The resulting yield impacts are calculated as the difference between 
the projection and the mean value for the baseline period of 1995 to 2020. 

The second stage involves modeling the availability of livestock feed from pastures due to temperature 
changes. We identify heat tolerance for grass, which determines at which temperature yields will start 
declining until it suffers full loss. We gathered the optimum temperature above which grass starts 
experiencing yield impacts from temperature (21°C) and the maximum temperature it can withstand 
(45°C) from the FAO Crop Ecological Requirements Database (ECOCROP) (FAO 2015) for the main 
grass species in Malawi listed in Reynolds (2006). Calculated temperature yield shocks (Ks) range 
from 1 at the optimum temperature, from where values start decreasing up to the maximum tolerance 
threshold, where total loss is assumed. Mean temperature data from CCKP are calibrated to account 
for localized temperature differences at the ½ by ½ degree scale so that historical mean tmax does 
not exceed the optimum threshold, hence experiencing yield losses no more than 10 percent of the 
baseline years. 

Pasture yield impacts are modeled by combining water and temperature effects for each climate 
projection as the difference versus the baseline years (1995 to 2020). Grid cell level shocks are 
aggregated nationally based on the spatial distribution of pastures from the Global Agricultural Lands: 
Pastures (2000) dataset by NASA (Ramankutty et al. 2010), as shown in Figure 21. 
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Figure 21. Pasture Density at a ½ by ½ Degree Resolution in Malawi 

Source: NASA Global Agricultural Lands 

Step 2. Estimate Livestock Productivity Loss from Heat Stress. 

We then model the relationship between livestock productivity and temperature using the temperature-
humidity index (THI), which is used as an indicator for assessing the level of heat stress on animals 
caused by weather conditions, following the approach in Rahimi et al. (2021). THI calculation varies 
by species and requires data on air temperature, wet-bulb temperature, and relative humidity. Since 
relative humidity is not generally available, we approximate it following the approach in Roson and 
Sartori (2016) from mean temperature and precipitation. Maximum wet-bulb temperatures were 
calculated using the Australian Bureau of Meteorology equation from air temperature and humidity.6 
Shocks on livestock productivity from heat stress are then calculated monthly, and range from 1 up 
to the optimum THI, from where values start decreasing up to the maximum tolerance THI, where 
total loss is assumed for that month. THI thresholds were obtained from (Rahimi et al. 2021) and are 
presented in Table 14. As with pastures, mean historical temperatures are calibrated to account for 
localized differences at the ½ by ½ degree scale.

Table 14. Temperature-Humidity Index (THI) Thresholds for Livestock

THI (°C) Optimum threshold Severe impacts 

Cattle 28 33

Chicken 28.8 30

Goats 32 37

Swine 26.11 28.88

Sheep 30 35

Source: Rahimi et al. 2021

6ABoM: http://www.bom.gov.au/info/thermal_stress/#approximation 

http://www.bom.gov.au/info/thermal_stress/#approximation


Malawi CCDR: Sectoral Impacts of Climate Change | 51

Step 3. Calculate Shock to Livestock Revenues from Feed Availability and Heat Stress. 

We consider the five most important species in the analysis (that is, cattle, goats, sheep, swine, and 
chicken). The analysis assumes that ruminants (that is, cattle, goats, and sheep) are raised primarily 
under pastoral systems that rely on grazing pastures as their primary source of feed, and that a 
reduced amount of feed directly corresponds to losses in productivity. Moreover, the analysis assumes 
that pastures are currently being grazed at their maximum carrying capacity or above and, as a result, 
any changes in productivity from a changing climate will translate into a direct productivity shock. 
To estimate a final shock to livestock revenues, the pastures and heat stress shocks, with the first 
impacting ruminants only, are weighted based on the total livestock revenues by species. Revenues 
were obtained from FAOSTAT data for the 5-year period between 2016 and 2020.

Step 4. Introduce Adaptation Measures to Mitigate Climate Change Shocks

The analysis then considers proactive measures to mitigate the lack of livestock feed from reduced 
pasture productivity. We model two measures that follow climate-smart animal farming in Malawi, 
including: (1) the use of crop residues to supplement feed, and (2) investment in fodder banks. Both 
practices are already used in the region to a limited extent - we assume a wide-scale adoption of these 
as relatively low-cost actions to increase feed availability. To model the benefits and costs of these 
measures, we start by calculating the total feed requirement for ruminants in the country using the 
latest stock data from FAOSTAT (FAO 2021) adjusted to equivalent livestock units in Sub-Saharan Africa 
(FAO 2003) for a mean regional energy intake of 10.2 kg DM 100 per kg of live weight (Amole et al. 
2022). 

Crop residues in Malawi include primarily maize stover, rice straw, and legume haulms, and are 
available as a result of food production. Available crop residues are estimated using the harvested 
crop quantities between 2016 and 2020 from FAOSTAT and residue production factors and unused 
shares from Gouro and Ly (2014). Availability is further constrained by the seasonal availability of each 
crop. Crop residues are converted to equivalent grass DM weight based on their metabolizable energy 
(ME) per kg using concentration data from Amole et al. (2022) and ILRI (2020) relative to pasture 
grasses. We assume a crop residue program to purchase the required tons that compensate for the 
annual losses in pasture yields is started in 2025, ramping up linearly until 2040. Residues are costed 
annually at prices gathered from literature (Bayala et al. 2014; Jarial et al. 2020; Berazneva 2013), 
with the supply limited to the estimated availability per year. Table 15 presents a summary of the 
inputs used to estimate the total cost of crop residues. Although crop residues are already being used 
for supplemental feed in agro-pastoral systems in Malawi (Reynolds 2006), the relatively higher cost 
per unit of energy content makes it an expensive alternative compared to pasture grazing. 

Table 15. Summary of Crop Residue Inputs 

Crop residue Production factor Unused Me Price

per crop kg % MJ Kg-1 USD kg-1

Maize stover 1.5 11% 7.88 0.08

Rice straw 1.8 26% 6.2 0.06

Groundnut haulms 3.0 11% 7.26 0.19

Crop residues can only supply a limited share of the total feed requirement caused by lower pasture 
productivity. Hence, we additionally consider the installation of fodder banks as a more efficient 
adaptation measure to provide the supplemental feed. Fodder banks are a system of forage cultivation 
of woody and leguminous species that can be grazed by animals, which has relatively lower prices per 
unit of energy generated than crop residues. The required capacity of fodder banks is calculated so 
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as to compensate for 50 percent of the total feed gap generated by climate change between 2040 
and 2050, and, as crop residues, are established linearly between 2025 and 2040. We assume high-
density fodder banks of jumbay, white mulberry, and quickstick that can generate 4 Mg DM per ha 
with 8.6 MJ per kg of ME (Amole et al. 2022; ILRI 2020). Fodder banks consider installation costs 
of US$300 per ha and operation costs of US$66 per ha (De Montgolfier-Kouèvi 1980). Generally, 
fodder banks are established on degraded farmland for a limited number of years and have economic 
and food security disadvantages for landowners versus cultivating crops. Therefore, we assume 
investments are opportunistic as needs arise, and capital costs are spent every year. 

Based on the total feed production provided from crop residues and fodder banks, the original shocks 
on pastures are mitigated and then aggregated to total livestock revenues based on the share of 
grazing livestock. We assume no mitigation action against heat stress on livestock. 

Results

Summary: Livestock

Output Shock to livestock revenues input into MFMod as a reduction of agriculture 
sector revenues. 

Results by 2050 BAU/ASP: -10% (optimistic dry) to -3% (pessimistic wet) shock.

BAU+/RES: -6% (optimistic hot) to -1% (pessimistic wet) shock.

Figure 22 shows the livestock shock on revenues with and without adaptation under each of the five 
climate change scenarios modeled. While impacts are lower in the near term, damages to the livestock 
sector could become much larger by late century. The hot and pessimistic dry scenarios show the 
largest declines in livestock production, particularly after 2050 when yields fall considerably due to 
rising temperatures and increased aridity. As of 2050, these scenarios and the optimistic dry each 
show an approximate 8-10 percent loss relative to baseline production levels (see Table 16). The wet 
scenarios show less impact at approximately 3-4 percent losses by 2050. Adaptation could reduce the 
shock from climate change to about half or less, with benefits being slightly more limited under the 
worse (pessimistic hot) scenario. 

Note that there are only two policy scenarios for livestock - with and without adaptation. These are 
translated to four scenarios through MFMod by considering a reduced size of the livestock sector in 
the economy.   

Figure 22. Livestock Revenue Shocks
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Table 16. Change in Livestock Revenues between 2041-2060, Relative to Baseline 

Values Optimistic 
wet

Pessimistic 
wet

Optimistic 
dry

Pessimistic 
dry

Pessimistic 
hot

Without adaptation -4.2% -3.1% -10.3% -8.0% -9.9%

With adaptation -1.5% -1.1% -5.0% -4.3% -6.1%

4.3.4 Water Supply and Sanitation

Water-borne diseases negatively affect Malawi’s economy by reducing labor supply and productivity, 
reducing educational attainment, and increasing health care expenditures. The CCDR Macro modeling 
exercise has focused on assessing potential climate change impacts on macro-economic growth. 
Yet, development policy initiatives in WASH can impact the socio-economic structure of the country 
and influence the nature and severity of potential climate change impacts. This section presents the 
analytical approach for estimating the impact of development investments on the macroeconomy 
through changes to human capital and savings in health care expenses. The quality of WASH 
infrastructure can indirectly have macroeconomic effects by impacting human capital. Specifically, 
investments targeting WASH infrastructure can lead to reduced diarrhea cases, stunting levels, and 
related mortality. The quantification of these impacts is based on the diagram in Figure 23.

Figure 23. WASH – Health Conceptual Framework
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This assessment considers two policy scenarios that explore the benefits of enhanced investment in 
addressing this development challenge: (1) Business-as-Usual (BAU), where the current negative trend 
continues, and (2) an aspirational growth (ASP) scenario where investments on increased population 
coverage of water supply, sanitation, and hygiene (WASH) infrastructure reduce the incidence of 
stunting and water-borne disease.

Step 1. Identify the Policy Scenarios

Access to basic water in Malawi increased from 62 percent in 2010 to 69 percent in 2017, while 
sanitation access has slightly improved from 21 percent in 2000 to 26 percent in 2017. Between 
2000-2015, the rate of open defecation declined from 16 percent to 4 percent, largely due to the 
2008 Community Led Total Sanitation Program (World Bank 2020a).
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This analysis considers a development scenario drawn from the Malawi CCDR team and Malawi’s 
Vision 2063 (National Planning Commission 2020). The scenario assumes that WASH investments 
are increased substantially across the county by 2050. On a national scale, and for the BAU scenario, 
water supply coverage increases to 92 percent of the population and sanitation coverage to 43 
percent. Under the ASP scenario, coverage for both increases to 97 percent. Table 17 summarizes 
these assumptions and Figure 24 shows the trajectory over time until 2050.

Table 17. Summary of Water Supply and Sanitation Coverage Assumptions

Service Scale Current BAU ASP

2050 2050

Water

Supply

National 67% 92% 97%

Urban 87% 97% 97%

Rural 63% 87% 97%

Sanitation National 26% 43% 97%

Urban 35% 50% 97%

Rural 25% 35% 97%

Figure 24. Water Supply and Sanitation Coverage Scenarios
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Step 2: Assess water supply

Malawi is endowed with over 1200 mm of annual precipitation on average. This is transformed into 17 
billion m3 per year of annual runoff. With a 2020 population of 19 million, this translates to 890 m3 
of water availability per capita per year. Current domestic and municipal water use is 10 m3 per capita 
per year or 20 liters per person per day, which corresponds to a use-to-availability ratio of 1 percent.
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If by 2050, domestic water use can achieve a target of 200 liters per person per day, per capita 
consumption would increase to 75 m3 per capita. With the population projected to increase to 38 
million by 2050, per capita water availability will drop to 450 m3 per capita per year yielding a  use-
to-availability ratio of 17 percent. While a significant increase, only 20 percent of the municipal water 
withdrawal is consumed, and 80 percent is returned, albeit degraded, for reuse downstream or in 
other sectors.

The water-energy-food modeling performed in association with this CCDR shows that water supply 
currently or by 2050 is not the cause of poor access to water. While there could be some localized 
water-stressed regions, water supply for municipal use is not a critical issue nationwide. That said, 
providing water to people via reliable infrastructure is a crucial issue facing Malawi, which is supported 
by many WASH studies.

Step 3. Identify Impacts on Human Capital from WASH Investments 

The biggest impact on human health, poverty, and development is child mortality, stunting, and child 
and adult morbidity as the result of poor sanitation, fecal sludge management, hygiene, and poor 
nutrition. Addressing poor sanitation and fecal sludge management can be achieved by infrastructure 
investment with great public health and social and economic development benefits.

Benefits can be grouped into direct and indirect. The projected direct economic benefits include: (1) 
reduced childhood deaths primarily and adult deaths; (2) increased labor supply due to reduced cases 
of laborers reduces cases of diarrhea and increases labor of parents not having to stay at home to 
care for children with diarrhea; (3) increased labor supply due to time-saving from water gathering and 
finding safe sanitation; and (4) reduced direct expenses from medical treatment of diarrhea cases.

Indirect benefits consider the strong co-morbidity between WASH status and nutrition. With a 
predominantly rain fed food supply in Malawi, food security and hunger are linked to climate, resulting 
in: (1) stunting due to poor nutrition is exacerbated by diarrhea; and (2) diarrhea susceptibility is a 
function of nutritional status. Improving WASH and reducing potential and actual diarrhea cases will 
provide resilience to climate-driven health impacts.

Results

Summary: Water supply and sanitation

Output Investment program benefits under BAU and ASP scenarios.  These impacts 
were not routed through MFMod.  

Results by 2050 BAU: US$380 million net benefits. 

ASP: US$850 million net benefits. 

BAU+/RES: Not applicable, no climate change effects considered in this 
channel. 

Figure 25 shows the resulting benefits and costs from investments in WASH in Malawi. Every US$1 of 
spending on WASH coverage yields approximately US$3 in benefits. Total benefits can reach US$600 
and US$1,200 million by 2050 under BAU and ASP respectively. Total annual net benefits (that is, 
benefits minus costs) under ASP are US$850 million versus US$380 million under BAU. 
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Figure 25. WASH Investments Benefits and Costs [Millions of 2021$]
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4.4 Infrastructure 
This section presents the analytical approach to estimating the climate change impacts on cities 
from irrigation, urban flooding; roads and bridges from temperature, precipitation, and flooding; and 
hydropower from changing streamflows and water use in the Zambezi watershed.

4.4.1 Inland Flooding

Flooding events disrupt daily life and cause damage to infrastructure and physical capital. Climate 
change may exacerbate flooding by increasing the intensity and duration of storm events. The 
methodology considers developing shocks to two types of capital, agricultural and built-up (that is, any 
hard piece of infrastructures such as roads, bridges, and buildings); as well as losses in agricultural 
productivity due to flooding.7

This analysis relies on projected changes in the return interval of precipitation events from the World 
Bank’s Climate Knowledge Portal (CCKP) for current conditions and future projections, which we 
translate to runoff using a flooding model. CCKP provided gridded changes in precipitation recurrence 
intervals for four periods (2010-2039, 2020-2049, 2036-2065, and 2071-2100) and under two 
emissions scenarios in the CMIP5 climate model ensemble: RCP4.5 and RCP8.5. We characterize 
these emissions scenarios as “optimistic” and “pessimistic”, respectively, from a mitigation 
perspective. The two sets of changes from CCKP are developed from the full ensemble of GCMs within 
each emissions scenario, so the flooding results reflect the broad trend across climate models at each 
emissions level, rather than the projection of any one model that may be “dry” or “wet”. 

7 Note that the transport channel also captures flooding impacts to culverts and bridges, so there may be some overlap between the 
impacts presented in these two channels.  
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We then combine these projected changes in precipitation with the land degradation and improvement 
output from the land change channel, following the TR-20 formulation, which is a standard approach 
to calculating hydrographs. Changes in flood peaks are applied over a bottom-up calculation of 
floodplains to model the damages to underlying capital based on standard damage functions. This 
approach was selected given time and data constraints for developing a more in-depth country-scale 
riverine flooding model. The resulting output corresponds to country-scale expected share of assets 
damaged due to changes in flooding recurrence, relative to a historic baseline (1995 to 2020). 

Step 1: Identify Exposed Assets within Floodplains 

The first step in the process is to identify the floodplain areas within which assets are subject to 
damage. For this analysis, we start from the HydroRivers geospatial dataset (Lehner and Grill 2013), 
which contains a vectorized river network for the globe, to estimate floodplain boundaries as buffers 
around river centerlines. Then, we calculate bankfull river width (the surface width at a bankfull river 
stage) for each link using the equation developed by (Allen et al. 1994). For calculating bankfull 
widths, we consider the streamflows that are exceeded by 10 percent of the observed records (q10 
flows), which are obtained by multiplying mean annual flows by a factor of 2.264.8 Then, we estimate 
floodplain extent based on floodplain-to-width of stream ratios developed by Bhowmik (1984), 
based on stream order. The stream order value indicates the river ordering from sink to source, with 
downstream rivers having lower floodplain-to-width ratios, ranging between 40 to 100 times the width. 
Figure 26 illustrates the extent of the modeled floodplains in blue. 

Figure 26. Floodplain Boundaries

Source: IEc analysis

8 Based on analysis conducted by William Farmer of the U.S. Geological Survey, on March 8, 2022.  Dr. Farmer regressed q10 flows on 
mean annual flow (MAF) for nearly 2000 gauging stations across the U.S. (i.e., covering both arid and humid hydrological regimes). 
The resulting relationship, q10 = 2.264 * MAF, had a Nash-Sutcliffe Efficiency (NSE) of 0.973, where 1 is a perfect fit.  
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We then estimate the value of each asset using high-resolution spatial distribution data coupled with 
gridded value data. The spatial distribution of assets is estimated using the Copernicus Fractional 
Land Cover dataset (Buchhorn et al. 2020), which indicates the percentage of built-up and agricultural 
land cover at a 100m resolution for 2019. For built-up capital, we distribute gridded GDP data at a 
9-km resolution from Kummu et al. (2018) using the Copernicus dataset. Similarly, for agricultural 
capital, we rely on gridded data on the value of crop production from the FAO Global Agro-Ecological 
Zones project (GAEZv4) (Fischer et al. 2021) and distribute it using Copernicus agricultural lands. 
Lastly, for agricultural land, no unit values are considered, hence we assume all land is valued equally. 
We then intersect asset value with floodplains to calculate exposure, which is then allocated to high-
resolution catchments data from the HydroATLAS global data set (Linke et al. 2019). 

Figure 27 illustrates the spatial resolution of the analysis described above for built-up capital in the 
region surrounding Salima. Floodplains are presented in dashed blue lines. Catchments for which the 
calculation of changes in recurrence interval is done are shown in pink. Built-up capital concentration 
is presented as a footprint that ranges from no capital (light red) to high density (dark red). Areas in 
white indicate a grid with no GDP data. 

Figure 27. Illustrative Example of the Resolution of the Flooding Analysis in the Salima District

Step 2. Estimate expected percentage damages to assets from design flood events. 

Next, we estimate the percent damage to the share of exposed assets within each basin for eight 
design flood events (i.e., 1-, 5-, 10-, 20-, 50-, 100-, 500-, and 1000-year events) following the approach 
in Huizinga et al. (2017). The share of exposed assets in Malawi resulting from the previous step are 
11 percent for built-up capital, 12 percent agricultural capital, and 10 percent agricultural land. 

The calculation of damages employs a logarithmic damage curve for flood events that start from 
zero percent damage for the “0-year” event, up to a maximum damage reached during a 200-year 
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event. For built-up capital, damages reach 70 percent of the value of infrastructure for a 200-year 
event. For the less susceptible agricultural assets, the 200-year event causes 60 percent damage. 
Damages are estimated based on the change in the runoff recurrence intervals for each design flood 
event by translating precipitation peaks into runoff peaks with the flood model TR-20 and using the 
LULC-VegCondition rasters generated for each policy scenario. Recurrence intervals for design events 
decrease over time, hence increasing the probability of their occurrence (for example, the current 
50-year event may become the 35-year event in the future, thus shifting from a 2 percent chance 
of occurring each year to 3 percent). Figure 28 illustrates the percent damages from flooding as a 
function of exceedance probability. As seen in the figure, damage functions in the future move up and 
right from the baseline curve. 

Figure 28. Flood Damages as a Function of Exceedance Probability in Malawi

Then we estimate the expected damages (that is, the damage times the probability) by summing the 
total area under the damage-exceedance probability curves presented above and multiplying by the 
total exposed assets within each basin. The resulting value represents the expected share of assets 
expected to get damaged due to flooding in a given year. Finally, results are aggregated nationally, 
weighted by the share of assets within each basin. 

Step 3. Policy Scenarios for Land Management

The policy scenarios considered for inland flooding draw from the land management modeling 
presented above, using those results as inputs for estimating flood damages. These scenarios 
consider the impact of population growth and poor land management on ecosystem services, 
assuming that the primary driving factor for land degradation is population pressure on natural 
resources. Population pressures are modeled under a Business-as-Usual future, and then different 
land management policy scenarios are considered which act to restore the landscape, thereby 
mitigating some of the negative effects of population growth. 

Based on the land management modeling, the BAU scenario is characterized by a lack of policy 
enforcement, projected rural population growth of nearly 2.5 percent per year, and relatively small 
budgets allocated for ILM implementation. The BAU with adaptation scenario assumes that the Malawi 
government successfully implements the measures outlined in its Updated Nationally Determined 
Contribution of 2021, which include forest management and protection and riparian restoration. 
The ASP scenario assumes that the Malawi government successfully implements its Bonn Challenge 
commitment to restore 4.5M ha of degraded land, including doubling the size of its investment in 
the MWASIP project, and to limit charcoal production and promote the adoption of clean cookstoves 
under the National Charcoal Strategy and the Clean Cooking Initiative. The RES scenario assumes an 
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accelerated investment in clean cooking, reducing demand for fuelwood from the landscape by 45 
percent, and better targeting of land restoration efforts to ensure that restoration actions are robust to 
changing climate conditions. 

Adaptation to flooding hazard is then modeled through land restoration interventions nationwide, 
which improve soil conditions and infiltration capacity, leading to reduced runoff peaks. Given the large 
scale of the land restoration activities, no further adaptation measures were considered for flooding.

Results

Summary: Inland flooding

Output Shocks to capital (agriculture and others) that go directly into MFMod as an 
impact on capital. Agricultural land shock is input as a TFP loss in agriculture.

Results by 
2050 (based 
on a 10-year 
storm)

BAU: -24% shock in the pessimistic to -14% in the optimistic scenario for all 
capital. -21% to -11% for agricultural land.
ASP: -9% (pessimistic) to +1% (optimistic) for all capital. -7% to +3% for 
agricultural land.
BAU+: -12% (pessimistic) to -2% (optimistic) for all capital. -11% to -1% for 
agricultural land.
RES: -6% (pessimistic) to +4% (optimistic) for all capital. -5% to +5% for 
agricultural land.

By 2050, losses in all assets are expected to greatly increase due to higher recurrence of flooding 
events throughout Malawi. Figure 29 illustrates these results for built-up capital under a 10-year flood 
(results are consistent across all three assets modeled). Under an optimistic scenario, total losses 
due to flooding in the country could increase by almost 15 percent by 2050, and almost 25 percent 
under a pessimistic scenario. Both adaptation (as shown in BAU+ and RES scenarios) and aspirational 
growth trajectories can reduce future losses by 50 percent and more by mid-century, even resulting 
in positive gains under an optimistic climate. While the benefits of land management take time to 
occur (that is, no benefits yet by 2025), these investments need to start now in order to see results by 
mid-century. That said, as seen in the figure, the ASP growth trajectory achieves most of the positive 
outcomes without additional resilience considerations. 

Figure 29. Increase in Built-Up Capital Asset Loss Resulting from A 10-Year Flood
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4.4.2 Urban Flooding

Under climate change, projected increases in the frequency and severity of storm events will worsen 
urban flooding impacts, which are already challenging in Malawi because of urbanization, land use 
degradation, and inadequate flood protection. The analysis is based on the largest cities in Malawi: 
Lilongwe and Blantyre. To address this flood damage under climate change, we use the Itzi model, 
which is based on the Storm Water Management Model (SWMM).9 This approach has the advantage of 
being spatially disaggregated and uses and open-source model, making it readily transferrable.  Other 
suitable modeling alternatives had much greater input data requirements than were beyond the scope 
of gathering for this high-level assessment.

Flood hazard maps are developed to determine areas with a probability of a flooding event for a 
given baseline and climate change projected return period, in combination with urban area growth 
extent maps. Results of flood hazard mapping produce the extent and depth of flood inundation, 
which are then used to estimate damages to infrastructure. The modeling considers a combination of 
probability of occurrence events (1; 5; 10; 20; 50; 100; 500; 1000 return periods), climate models, 
and urban area growth scenarios to run through the 2D Hydraulic model. This analysis relies on 
projected changes in the return interval of precipitation events provided by the World Bank’s Climate 
Knowledge Portal (CCKP) for current conditions and future projections for four periods (2010-2039, 
2020-2049, 2036-2065, and 2071-2100) and under two emissions scenarios in the CMIP5 climate 
model ensemble: RCP4.5 and RCP8.5. We characterize these emissions scenarios as “optimistic” and 
“pessimistic”, respectively, from a mitigation perspective. 

Furthermore, the analysis considers two scenarios for urban area growth from a 2020 baseline 
and 2050 projection under a business-as-usual trajectory. Adaptation to urban flooding considers 
upgrading the standards of new infrastructure to resist the expected future extreme precipitation 
events, relative to current capital designed based on historic levels. Hence, an adaptation scenario is 
modeled from improved resilience of infrastructure, assuming a reduction of the flood damage factor 
to zero for water levels less than 0.5 m. The adaptation scenario is based on the stylized costs and 
benefits of flood protection investments. 

Step 1: Establish Assumptions and Boundary Conditions

For developing the hydraulic modeling and subsequent damage estimates, the analysis considers the 
following assumptions on storm events, elevation, soil infiltration, and land cover. 

Storm events: Projected storm events describing the relationship between rainfall intensity and return 
period are provided as input for this analysis from the selected climate models. Precipitation data for 
the cities were used in the form of IDF (Intensity Depth Frequency) curves to calculate sub-daily rainfall 
records using the U.S. Soil Conservation Service (SCS) ‘Type 1’ design storm profiles. The duration is 
selected as 6 hours for both Malawi cities, as in the Flood Risk Assessment for Lilongwe City.

Digital Elevation Model: A mosaiced map of DEM was created for the cities comparing the accuracy 
and coverage of two sources: ASTER Global Digital Elevation Map GDEM v3 and The Shuttle Radar 
Topography Mission DEM product. Both sources can be obtained at 30-meter spatial resolution. The 
Elevation data was first resampled at a 10-meter resolution to incorporate additional information 
such as a clear flow path along the river and drainage channels, bridges, culverts, and other major 
structures, which can influence flood movement on the surface. These additional datasets were 
prepared by incorporating features from Google and OpenStreet maps into the DEM to ensure the 
drainage surface was generally well represented.

Soil infiltration: Soil characteristics for infiltration rate that measures the velocity or speed at which 
water enters into the soil estimation were sourced from the Africa Soil Profiles Database. To capture 
9 SWMM website: https://www.epa.gov/water-research/storm-water-management-model-swmm.  
Itzi website: https://www.itzi.org/

https://www.epa.gov/water-research/storm-water-management-model-swmm
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the time evolution of the infiltration capacity for the soil types identified, hourly infiltration rate capacity 
maps were derived using soil type classification. Average infiltration values for non-urban areas for 
Malawi adopted for both Blantyre and Lilongwe start at 100 mm/hr and drop to 60 mm/hr after 3 
hours. For urban land use, a constant infiltration rate of 10 mm/hour is applied.

Land cover: A spatial roughness raster is produced using Manning’s n values for three land cover 
types. For cultivated areas, farms, and areas with moderately dense vegetation, a Manning’s n value 
of 0.035 is used. For bare soil land and urban areas, an average Manning’s value of 0.025 and 0.015 
are applied respectively.

Step 2: Hydraulic Modeling and Flood Hazard Mapping

The hydraulic model has been developed using a public domain dynamic flood model Itzï, which is 
a fully distributed hydrologic and hydraulic model that is able to simulate hydrological processes 
like rainfall and infiltration, 2D surface flows on a grid using simplified shallow water equations, 1D 
drainage flow via the SWMM model, and bi-directional coupling between the drainage and the surface. 
For this study, due to the lack of drainage networks in the cities, the hydrologic and 2D surface flow 
modules were used to model flood extents corresponding to climate change and land use scenarios. 
The model was calibrated by adjusting infiltration and curve number coefficients by comparison of 
flood extent from historical recorded flood events. 

Flood hazard maps were produced for the various scenarios according to the steps above. The output 
of the model includes hourly raster maps of the depth and velocity of flooding. Figure 30 shows the 
simulation results for Lilongwe, indicating the flood extent and distribution of flooding across the city 
for storm events of 50 and 250 mm. Flood depth results of the analysis include both pluvial and fluvial 
flooding. Fluvial flooding (that is, flooding that comes from the rivers and streams that run through 
the city) is more pronounced in Lilongwe as can be seen from the figure. Risk of fluvial flooding shows 
higher depth for scenarios with expanded urban growth. This is a result of reduced infiltration capacity 
in upstream catchments resulting in higher flood peaks.

Figure 30. Flood Inundation Results for Lilongwe for 50 (left), 100 (center), and 250 mm (right) Storms 

Note: corresponding to BAU 2050 Urban Land use expansion

Results from the business-as-usual urban expansion scenario, BAU 2050, are used to produce a flood 
risk map of Lilongwe. Figure 31 shows this map for the selected extent within the current city limit.  
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Figure 31. 20 Meter Resolution Flood Risk Maps for 1000-Year Return Period 250 mm Storm Depth 
in Lilongwe

Both pluvial and fluvial flood processes are observed in Blantyre. The north-western side of the 
city limit, Michiru and Likhubula Wards, is more prone to fluvial floods, while in the central wards, 
Mzedi, Ndirande, and Bangwe, pluvial flood is more predominant. Local landcover changes such 
as deforestation on Ndirande hill could increase flood risk in downstream populated areas in the 
Ndirande Township as can be shown in Figure 32.

Figure 32. Flood Inundation Results for Lilongwe for 100 (left) and 450 mm (right) Storms

Note: corresponding to BAU 2050 Urban Land use expansion

Results from the business-as-usual urban expansion scenario, BAU 2050, are used to produce a flood 
risk map of Blantyre city. Figure 33 shows this map for the selected extent within the current city limit.  
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Figure 33. 20 Meter Resolution Flood Risk Maps for 1000-Year Return Period 450 mm Storm Depth 
in Blantyre

Step 3: Compute flood damages

Flood depths are then processed into the total share of infrastructure damage as shocks using a 
depth-damage function. Damage functions describe the relationship occurring between the level of 
damage and level of flooding depth, and maximum flood damage on an object can be computed as 
a certain damage factor multiplied by the total dollar value of the object. Global flood depth-damage 
functions gives these factors by region and state defined over water depth level between 0 and 6 
meters (Huizinga, de Moel, and Szewczyk 2017). The selected damage function for Malawi used 
for both Lilongwe and Blantyre is given in Figure 34 showing the curves for different object types: 
buildings (residential, commercial, industrial, and transport), roads, and farms.

Figure 34. Flood Damage Curve Assumption 

Residential buildings

D
am

ag
e 

Fa
ct

or
 

0.0

1.20

1.00

0.80

0.60

0.40

0.20

0.00
1.0 2.0 3.0 4.0 5.0 6.0

Traditional Settlement

Flood Depth 

Commercial buildings
Industrial buildings Transport Infrastructure - roads

Agriculture Public



Malawi CCDR: Sectoral Impacts of Climate Change | 65

OpenStreetMap database was used to extract relevant geographic information for buildings, roads, 
and other infrastructures used for the damage assessment. Building objects for Lilongwe and Blantyre 
are classified into 36 unique building types. These building types are then remapped based on 4 
flood-vulnerably groups of buildings (residential, commercial, and industrial) and transportation 
facilities. Land use maps are used to fill building types with missing data from the OSM dataset, 
linearly extrapolating building types to missing records. Country-specific dollar values provided in the 
database are adopted for each object type given as $/m2. Raster datasets of flood depth computed by 
the 2D hydraulic model are summarized by each object type (budlings, roads, and farms) using spatial 
analysis. Then, damage factors are computed for each object element using the damage function. The 
final damage value in US$ is computed by multiplying the damage factor by the total dollar value of the 
object. 

Results

Summary: Urban flooding

Output Increased monetary losses due to flooding under climate change.  This 
channel was not input into MFMod.

Results by 2050 BAU: +284% increase in monetary losses due to flooding in Lilongwe. No 
change in Blantyre. 

ASP: -1% in Lilongwe, no change in Blantyre. 

RES: -49% reduction in losses in Lilongwe, -40% in Blantyre. 

The climate effects on urban flooding are quite modest, with only a 4 percent and 2 percent increase 
in flood damage by 2050 in Lilongwe and Blantyre, respectively, under the pessimistic climate 
scenario.   

For Lilongwe, and under the baseline scenario, the total flood damage ranges between US$56M to 
US$134M across the different return periods. This total value does not vary widely across climate 
models. This is also shown in the boundary conditions of storm depth input which seems to range 
by only 5.6mm and 45mm difference on 1-year and 1000-year events respectively. Table 18 shows 
the expected damages (that is, all return periods weighted by probability of occurrence) in Lilongwe 
for the modeled scenarios. Considering urban area growth in Lilongwe, the 2050 scenario shows a 
notable change in the total damage values, roughly four times baseline, indicating more uncertainty 
in urban growth than in variability across climate models. Geographically, this is expected as radial 
growth of the city will reduce the infiltration capacity of upstream catchments that discharge towards 
the city. The ASP scenario does not show a major offset in the total values. However, when considering 
adaptation (protecting 50 percent of infrastructure against the 0.5m event), reduces damages by 49 
percent.

Table 18. Expected Annual Flood Damages in Lilongwe

Development 
Scenario

Time Period Climate Scenario

NOCC Optimistic Pessimistic

 Current US$91 N/A N/A

BAU 2036-2065 US$349 US$356 US$364 

ASP 2036-2065 US$347 US$354 US$361 

RES 2036-2066 US$177 US$182 US$185 
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For Blantyre, the total flood damage ranges between US$280M to US$460M across the different 
return periods given from 1 to 1000 under the baseline scenario. The change from baseline to BAU is 
minimal, potentially due to the catchments flowing out of the center (see Table 19). Further changes in 
land use outside of the current city limit will not have much impact on the flooding in the city. Similarly, 
a small change in the ASP scenario and major offset when considering adaptation are also observed.  

Table 19. Expected Annual Flood Damages in Blantyre

Development 
Scenario

Time Period Climate Scenario

NOCC Optimistic Pessimistic

 Current US$415 N/A N/A

BAU 2036-2065 US$415 US$418 US$423 

ASP 2036-2065 US$414 US$418 US$423 

RES 2036-2066 US$248 US$250 US$253 

4.4.3 Roads and bridges

Climate change may impact road and bridge infrastructure due to increased temperatures, 
precipitation, and flooding that cause the infrastructure to deteriorate faster.10 The analysis follows the 
methodology from the World Bank report Enhancing the Climate Resilience of Africa’s Infrastructure 
(ECRAI) – Roads and Bridges (Cervigni et al. 2017), and relies on the Infrastructure Planning Support 
System (IPSS), which is a detailed decision support tool that takes into account current and future 
climate, engineering standards, and repair and maintenance costs.11 The impact channel covers 
impacts from temperature, precipitation, and flooding stressors to paved, gravel, and unpaved roads, 
as well as bridges. Generally, temperature impacts only paved roads, precipitation on both paved and 
unpaved roads, and flooding on all roads and bridges. 

The analysis is done at a ½ x ½ degree spatial resolution and uses climate data gathered from the 
Climate Change Knowledge Portal for the years 1995 to 2100 (World Bank 2021). The resulting output 
corresponds to country-scale annual impacts on total capital and repair costs in addressing climate 
change induced weather damages, and the resulting lost labor hours from delays and detours. 

Step 1. Calculate Impacts on Roads

For the roads analysis, the reactive response analysis examines the impacts of climate change 
assuming that no proactive, anticipatory measures are taken to protect the road and bridge network 
against the impacts of climate change. Impacts are quantified as the increased maintenance costs 
for the roadways and bridges that are incurred as a result of climate stressors, including changes 
in precipitation, temperature, and flooding. The analysis uses construction standards for each type 
of road infrastructure, as well as the typical lifespans and maintenance requirements under current 
conditions. Repair and maintenance costs for road infrastructure are based on unit cost assumptions. 
IPSS models adaptation responses based on stressor-response rules using the GRIP roads database 
(Meijer et al. 2018). 

Climate change effects consider increasing need for repair and maintenance due to accelerated aging 
of binder, rutting of asphalt, bleeding of seals due to temperature, reduced carrying capacity due to 
increased moisture from precipitation, and washaways and overtopping from flooding. Shocks are 
then: (1) the additional spending on repair and maintenance, and capital; and (2) the delay costs, that 
result in total factor productivity effects. Table 20 summarizes the effects of climate stressors on each 
type of road, as well as the adaptation measures considered in the analysis. 
10Note the potential double-counting of flooding impacts with the inland flooding impact channel. 
11https://resilient-analytics.com/ipss.
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Table 20.Climate Effects, Reactive Response, and Proactive Adaptation Measures

Climate 
stressor

Effect Reactive response measure Proactive adaptation measure

Paved roads

Temperature Increased 
temperature leads 
to accelerated 
aging of binder.

Additional sealing required 
on a more frequent basis 
such as a five-year schedule 
instead of a seven-year 
schedule, due to faster 
degradation of road quality. 

Construct dense seals (for 
example, Sand Seal, Otta Seal, 
Cape Seal). Typically, Cape 
Seals are used on heavily 
trafficked roads.

Increased 
temperature 
leads to rutting 
(of asphalt) and 
bleeding and 
flushing (of seals).

Additional patching required 
each year to fill cracks 
resulting from pavement 
weakening.

Adoption of base bitumen 
binders with higher softening 
points (including polymer 
modification) for surface seals 
and asphalt.

Precipitation Increased 
precipitation leads 
to increased
average moisture 
content in 
subgrade layers 
and reduced load- 
carrying capacity.

Increase the focus on annual 
patching to minimize exposed 
cracking resulting from 
seasonal surface failure.

Add wider paved shoulders to 
improve surface drainage.

Fill sub-base where erosion 
has occurred due to water 
infiltration. Follow with 
additional patching.

Increase base strength 
(thickness and/or quality) 
from the typical 150 mm 
to 225-300 mm depending 
on precipitation levels, 
to increase protection of 
subgrade layers.

Flooding
(in excess of 
design flood)

Wash-aways and 
overtopping of 
road.

Repair of localized washouts 
including cleaning culverts, 
replacing culverts, replacing 
subbase, and replacing 
asphalt surface.

Increase flood design return 
period by increasing the size 
of culverts to accommodate 
new 1 in 50-year flood level 
(in most cases, will require 
raising the road to allow larger 
culvert to fit).

Gravel roads

Temperature Not applicable

Precipitation Increased 
precipitation 
leads to increased 
average moisture 
content in 
subgrade layers, 
and reduced load- 
carrying capacity.

Regrade road localized to 
precipitation, fill sub-base 
and reapply gravel top layer. 

Increase gravel wearing 
course thickness to increase 
cover and protect subgrade 
layers.

Flooding
(in excess of 
design flood)

Wash-aways and 
overtopping of 
road.

Same as for paved except 
application of gravel top layer 
rather than application of 
asphalt layer. 

Increase flood design return 
period by increasing the size 
of culverts (in most cases, 
will require raising the road to 
allow larger culvert to fit).
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Climate 
stressor

Effect Reactive response measure Proactive adaptation measure

Unpaved roads

Temperature Not applicable

Precipitation Increased 
precipitation 
leads to increased 
average moisture 
content in 
subgrade layers, 
and reduced load 
carrying capacity.

Regrade road localized to 
precipitation, fill sub-base 
and reapply earth top layer.

Upgrade to gravel road and 
increase gravel wearing 
course thickness to increase 
cover and protect subgrade 
layers.

Flooding
(in excess of 
design flood)

Washaways and 
overtopping of 
road.

Same as for gravel except 
application of earth top layer 
rather than application of 
gravel.

Increase flood design return 
period by increasing the size 
of culverts to accommodate 
new 1 in 50-year flood level 
(in most cases, will require 
raising the road to allow larger 
culvert to fit).

Step 2. Calculate Impacts on Bridges

For the bridge analysis, the bridge inventory from the ECRAI project was coupled with the climate-
related flood risk results generated for the road analyses, to generate an estimate of the vulnerability 
of bridges to climate stress. The bridges dataset was developed by intersecting roads and rivers using 
geospatial information systems (GIS), as part of the ECRAI work. The estimates of vulnerability are 
based on a comparison of current to future return periods for flooding at the location of a bridge. 
In physical terms, vulnerability is measured by a count of the number of bridges impacted by flood 
exposure. The analysis estimates impact by first assuming that all existing bridges are resilient to 
the current 20-year flood. Then, using the climate scenarios, the study forecasts how often and by 
how much this threshold will be exceeded in the future. The costs of these events, coupled with the 
estimated exposure of bridges to flooding, provide the basis for the reactive response cost estimates.  

Step 3. Calculate the Impact of Disruptions

The disruption analysis evaluates the time that each road or bridge in the network is estimated to 
be fully under repair or fully out of service as a result of climate change. For the bridge analysis, 
serviceability is simplified to a binary attribute, and partial serviceability of the road is not considered 
(that is, when a bridge is damaged, it is interrupted or not usable until repaired). The analysis does 
not consider partial use of bridges. It is assumed that a trip lost during a road closure is equivalent 
to a half day lost for each of the two passengers. For the road analysis, disruption is quantified as 
hours of passenger delay due to road maintenance and rehabilitation. Specifically, road disruption is 
calculated by finding the amount of time that each vehicle or passenger (assumed to be 2 passengers 
per vehicle) will be delayed based on road work and closures caused by climate related stressors. If a 
road is being repaired, it is assumed that an eighth of a day is lost per passenger. Redundancy of the 
network is quantified by a redundancy factor which is a function of road length in each grid. 

Step 4. Incorporate Proactive Adaptation Measures

Adaptation interventions are built into the IPSS model (see Table 20). Under the proactive adaptation 
scenario, adaptation for roads and bridges consider climate-resilient repair and maintenance 
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standards, as well as construction costs. New road infrastructure is constructed to resist high levels 
of temperature and precipitation, as well as the magnitude of a future 50-year flooding event, once 
existing infrastructure reaches its end of life or needs rehabilitation after climate thresholds are 
exceeded.

Results

Summary: Roads and Bridges

Output Changes in expenditures on road and bridge repair, as well as effects on labor 
productivity due to delays, were input into MFMod.

Results by 2050 BAU: Between +45% (pessimistic wet) and +110% (optimistic dry) increase in 
capital and O&M spending.

ASP: Between +20% (pessimistic hot) and +52% (optimistic dry) increase in 
costs.

BAU+: Between +30% (pessimistic dry) and +65% (optimistic dry) increase in 
costs.

RES: Between +10% (pessimistic dry) and +30% (optimistic dry) increase in 
costs.

Figure 35 shows the increase in capital and O&M spending for the modeled scenarios, relative to a 
baseline of approximately US$100M per year based on World Bank estimates (Foster and Shkaratan 
2011). Under the BAU scenario, these costs can increase between 50 percent and over 100 percent 
by midcentury for most climate scenarios. By 2100, spending can rise above 200 percent. While 
aspirational growth shows higher spending than scenarios with adaptation (BAU+ and RES) to 
medium-term damages, this trajectory does avoid significant damages towards late century. That said, 
a resilient growth scenario that includes adaptation could bring down incremental costs to nearly zero. 

Figure 35. Increase in Capital and O&M Spending due to Climate Change, Relative to Historical 
Spending
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